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ledge t h a t  i t  was a s t e p  t oward u l t i m a t e  s u c c e s s .  I f  one adds t o  
t h i s  he r  s t e a d y  sens e  o f  we l l  be ing d u r i n g  t i mes  o f  d i s a p p o i n t m e n t
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INTRODUCTION
Work P r i o r  t o  1955
At t h e  t ime t h i s  r e s e a r c h  was s t a r t e d  in 1955 t h e r e  was a 
growing demand f o r  exp e r i me n t a l  i n fo r ma t i o n  on t h e  r e l a x a t i o n  t i mes  
of  e x c i t e d  a tomic  s t a t e s .  A l i t e r a t u r e  s e a r c h  showed t h a t  no d i r e c t  
l i f e  t i me  measurements  had been made s i n c e  World War I I .
In f a c t  only one a r t i c l e  on a tomic  l i f e t i m e  measurements  
had been p u b l i s h e d  s i n c e  1936 and t h a t  p a pe r  was p u b l i s h e d  a f u l l  
decade b e f o r e  1955.^ Of t h e s e  e a r l y  l i f e t i m e  measurement s  on ly  two 
were on g a s e s ,  hydrogen2»3 and n e o n . ^  Al l  o t h e r  works were on metal
vapor s  w i t h  Hg be ing g iven  t h e  most  a t t e n t i o n  employing a s i n g l e
t e c h n i q u e  mo d i f i ed  and improved from 1929 t o  1932 t h e  l a s t  p a pe r  of 
t h i s  group be ing  by G a r r e t t . ^  O t h e r  vapor  s t u d i e s  were Na&'7 and Cd^ ' ^ ^
^These f i n d i n g s  have been conf i rmed  t h r o u g h  t h e  N a t i on a l  Bureau 
of  S t a n d a r ds  Bib I i og raphy  on Atomic T r a n s i t  ion P r o b a b i I i t i e s  p ub i i s h e d  
in August  of  t h i s  yea r  ( 1962 ) .
2p .  G. S l a c k ,  Phys Rev 23 1-12 (1926) .
^ J .  H. E. G r i f f i t h s ,  Proc  Roy Soc London A 147.  547 - 5 5 4 ( 1 9 3 4 ) .
^ J .  H. E. G r i f f i t h S j P r o c  Roy Soc London A 143, 588-604  (1934) .
^ G a r r e t t ,  P.  H. Phys Rev 4 0 ,  779-790 (1932) .
&Hupfeld,  Z.  Phys i k  54 ,  484-497  (1929) .
7p.  Duschinsky ,  Z.  Phys i k  78,  586-602 (1932) .
®D. S i n c l a i r  and H. W. Webb Phys Rev 440-445 (1936 ) .
^H. 0 .  Koenig and A. E l l e t t ,  Phys Rev 3 9 ,  576-584 (1932) .
TOR. W. Webb and H. A. Messenger ,  Phys Rev 78-86  (1944 ) .
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P u b l i s h e d  Work S i nce  1955
Jt  shou ld  be p o i n t e d  out  t h a t  a number of  metal  vapors  have 
been added t o  t he  above l i s t  as  l a t e  as  1962.  A l a r g e  number of  t he  
new meta l  vapors  have been s t u d i e d  by W. Demtroder  a t  t h e  U n i v e r s i t y  
of  Bonn.T^
The only new atomic  gas s t u d i e s  p u b l i s h e d  p r i o r  t o  t h e  d a t e  
j f  p u b l i c a t i o n  of  t h e  N a t i on a l  Bureau of  S t a n d a r d s  b i b l i o g r a p h y ^ ^  in 
1962 has  been on H e ! r u m . B o t h  g r oups ,  whose works were p u b l i s h e d  
a f t e r  t h i s  work was we l l  under  wav,  employed advanced e l e c t r o n i c  
c o i n c i d e n c e  t e c h n i q u e s  which y i e l d e d  t he  a c t u a l  r e l a x a t i o n  curves  of  
t h e  s t a t e s  which have i i f e t i n v ’s l onge r  t han  t h e  sampl i ng  p u l s e  used in 
t h e i r  work.
The work of  Benne t t  and Dai by employs t he  more s o p h i s t i c a t e d  
e l e c t r o n i c  t i mi n g  t e c h n i q u e s  and a r eadou t  method which graphs  t he  
r e l a x a t i o n  curve  by means of  a r e c o r d e r .  T h e i r  work on he l ium is very  
l i m i t e d  s i n c e  i t  was only  used as  a c a l i b r a t i o n  check on. t h e  sys t em.
The more comprehens ive  work on he l ium was done by He^'on, e t  a l . ,  a t  
t h e  e a r  Ii e r  d a t e .
R e t u r n i n g  t o  t h e  c o n d i t i o n s  in 1955:  S i nc e  e l e c t r o n i c  a r t  had 
grown t r emendous l y  s i n c e  1944,  i t  seemed wi s e  t o  d e v i s e  a scheme
llW. Demt roder ,  Z.  P h y s i k ,  42-45  ( 1962) .
T2pp. C i t . lo Anyone do ing  new r e s e a r c h  in t h e  f i e l d  should  
use  t h i s  b i b l i o g r a p h y  s i n c e  t h e r e  a r e  many o t h e r  t e c h n i q u e s  fo r  ob­
t a i n i n g  i n f o r ma t i o n  on t r a n s i t i o n  p r o b a b i l i t i e s  t han  l i f e  t ime measure ­
me n t s ,  and c u r r e n t  work is t oo  voluminous  t o  g i ve  comple t e  i n f o r ma t i o n  
h e r e .
Heron,  R . t f . P .  McWhir ter  and E. H. P h o d e r i c k  Proc  Roy Soc 
London A 565-582 (1956) .
G. Benne t t  and F .  W. Da I by,  Jochem,  Phys 21* 434-441
( 1 9 5 9 ) .
3
employing modern e l e c t r o n i c  t e c h n i q u e s  t o  o b t a i n  t he  a c t u a l  r e l a x a t i o n  
t ime cu r ve  f o r  a g a s .  Al l  p r e v i o u s  work on n e u t r a l  g a se s  had employed 
phase  s h i f t  c o n s i d e r a t i o n  between a modula ted  e x c i t a t i o n  s ou r ce  and 
t h e  l i g h t  be ing  o b s e r ve d .  Al t hough  ex t r e me l y  good t i me  r e s o l u t i o n s  
have been q u o t e d ,  t h e  t e c h n i q u e  could  no t  show t h e  t r u e  shape of  t he  
r e l a x a t i o n  c u r v e s .  In f a c t  t h e  e x p o n e n t i a l  n a t u r e  of  t h e  r e l a x a t i o n  
curve  had t o  be assumed in o r d e r  t o  e x t r a c t  r e l a x a t i o n  t ime d a t a  from 
phase  s h i f t  d a t a .  The e a r l y  worker s  knew t he  r e l a x a t i o n  cu r ves  would 
be n o n e x po ne n t i a l  because  of  c a s c a d i n g  but  they  had t o  assume t h i s  
c o n t r i b u t i o n  would be s m a l l .  Th i s  emphasized a need f o r  a d i s p l a y  of  
t h e  t r u e  curve  s h a p e .  An exa mi n a t i o n  of  L a n d o l t - B o r n s t e i n  t a b l e s ^ ^  showed 
t h a t  many r e l a x a t i o n  t i mes  d e t e r mi ne d  by t he o r y  and by i n d i r e c t  e x p e r i ­
menta l  means f a l l  i n t o  t h e  10“ sec  and l onger  t i me  r a n g e .  These atomic 
l i v e s  seemed a c c e s s i b l e  t o  e l e c t r o n i c  measurement  t h r o u g h  a d i s p l a y  of  
t h e  a c t u a l  l i g h t  decay on an o s c i l l o s c o p e  us i ng  a p u l s e d  p h o t o m u l t i p l i e r  
as  t h e  l i g h t  d e t e c t o r . T h e  c o n d i t i o n s  under  which t h e  p h o t o m u l t i p l i e r  
o u t p u t  c u r r e n t  t r u l y  r e p r e s e n t s  t h e  same t ime f u n c t i o n  as  t h a t  of  t he  
d e n s i t y  of  atoms of  a g iven e x c i t e d  s t a t e  a r e  made c l e a r  in Ch ap t e r  I .
^ ^ L a n d o l t - B o r n s t e i n ,  Za h l e n w e r t e  and F u n k t i o n e n  T e i l  1 Atome- 
i onen .  Vol .  I ,  pp .  262-264 .
16R. F.  P o s t ,  N u c l e o n i c s ,  10 No. 5 ,  46-50  ( 1952 ) .
A DIRECT METHOD FOR MEASURING LIFETIMES OF EXCITED 
ATOMIC STATES AND ITS APPLICATION TO HELIUM
CHAPTER I
THEORY
G l o s s a r y  of  Terms and Symbols
I t  i s  wel l  t o  e s t a b l i s h  a g l o s s a r y  of  t e rms  and symbols a t  t he
o u t s e t  s i n c e  t h e r e  i s  a g r e a t  dea l  of  m a t e r i a l  to  be p r e s e n t e d  us i ng
them.  Most of  t h e  symbols  w i l l  be s e l f  e x p l a n a t o r y  in t h e  t e x t  and
t h e r e f o r e  w i l l  not  need t o  be i d e n t i f i e d  w i t h  each e q u a t i o n .
Ng =  E l e c t r o n  d e n s i t y  in e l e c t r o n s / c c
Ng =  Atomic d e n s i t y  in a t oms / c c
N j , j  =  Number of  atoms in t h e  i and j s t a t e / c c
( h e r e  n=i and>^=j and m u l t i p l i c i t y  is  no t  g iven)
N i . j f k . l  =  Number of  atoms in t h e  i t h  l eve l  de c a y i ng  t o  t h e
kth l e v e l .  F r e q u e n t l y  t h e v a l u e s  w i l l  be dropped 
l e a v i n g  N | , k  where no c o n f u s i o n  a r i s e s
Nj =  Ion d e n s i t y  i o n s / c c
Vg =  V e l o c i t y  of  e l e c t r o n
Vj =  V e l o c i t y  of  ions
Va =  Mean v e l o c i t y  f o r  atoms of  t he  gas
C =  V e l o c i t y  of  l i g h t
Xg =  Mean f r e e  pa t h  of  e l e c t r o n
Xg ~  Mean f r e e  pa t h  of  atom in gas
e =  E l e c t r o n i c  cha rge
4
=» Wave l e ng t h  a s s o c i a t e d  w i t h  a photon 
e m i t t e d  in an i t o  j t r a n s i t i o n
(T'z.' ll =  The t r u e  impact  c r o s s  s e c t i o n  f o r  t he  p r o d u c t i o n  
of  atoms in t h e  i . k  s t a t e .  T h i s  i s  no t  t o  be 
confused  wi t h  t h e  a p p a r e n t  or  t o t a l  p r o d u c t i o n  
c r o s s  s e c t i o n
=  T h i s  i s  t h e  a pp a r e n t  c r o s s  s e c t i o n  as  o b t a i n e d  
from e x pe r i me n t a l  o b s e r v a t i o n  and i s  made up of  
i n f o r ma t i o n  on t he  p r o d u c t i o n  o f  s t a t e s  as  t h e  
r e s u l t  of  d i r e c t  e l e c t r o n  impact  p l u s  o t h e r  p r o ­
d u c t i o n  t e rms  i n i t i a t e d  by impact .
O j  =  I o n i z a t i o n  c r o s s  s e c t i o n  ( a l l  c r o s s  s e c t i o n s
a r e  assumed t o  be in s qu a r e  c e n t i m e t e r s )
Aj^t^sJLr T r a n s i t i o n  p r o b a b i l i t y  f o r  s pon t a ne ous  emi s s i on  
by change of  s t a t e  i . k  t o  j . . £ .
Ai*fc =  T o t a l  t r a n s i t i o n  p r o b a b i l i t y  from t h e  i . k  s t a t e
by s pon t aneous  em i s s i on  ^
The p r o b a b i l i t y  of  a photon induced t r a n s i t i o n  
between s t a t e  i . k  and s t a t e  j . ^ .
=  N a t u r a l  l i f e  of  an e x c i t e d  s t a t e
t  i,it  =  The r e l a x a t i o n  t i me  of  t h e  s h o r t e s t  l i ve d  e x p o n e n t i a l
component  of  t h e  l i g h t  e m i t t e d  by s t a t e  i . k .
T**
Photon i n t e n s i t y  of  l i g h t  s o u r ce  equal  t o  t h e  number 
of  Photons  of  t h e  i . k  t o  j . j&,  t r a n s i t i o n  p e r  u n i t  
volume and t ime
True  monochromat i c  l i g h t  i n t e n s i t y  in e r g s  p e r  u n i t  
 ̂ volume and t ime j 1  =  1* h c / ‘̂ 7^ ^ ^ j , £
=  Photon f l u x  in pho tons  p e r  u n i t  a r e a  and t i me
^  =  L i gh t  f l u x  in e r gs  p e r  u n i t  a r e a  and t ime
=  E x c i t a t i o n  c u r r e n t  in amperes
^  * =  E l e c t r o n  p r o d u c t i on  r a t e  f o r  s t a t e  i — Nf tNaVf i Oe i
Monochromat ic photon d e n s i t y  f o r  p h o t o n s ,  having 
w a v e l e n g t h s  a r i s i n g  from t r a n s i t i o n s  from s t a t e  i 
t o  s t a t e  j  .
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FundamentaI  Concept s
I t  seems a p p r o p r i a t e  t o  p r e s e n t  t h e  t h e o r y  behind t he  emi s s i on  
o f  l i g h t  f i r s t  s i n c e  l i g h t  i s  t h e  o bs e r v ab l e  q u a n t i t y  in e x c i t a t i o n  
c r o s s  s e c t i o n  and a tomic  l i f e  measurements  on n e u t r a l  a toms.
The l i g h t  e m i t t e d  from a s i n g l e  atom i s  assumed t o  a r i s e  from 
a p u r e l y  s p o n t a n e o u s  p r o c e s s .  Th i s  empl i e s  t h a t  no c o n d i t i o n  e x t e r n a l  
t o  t h e  atom w i l l  change t h e  p r o b a b i l i t y  t h a t  an atom w i l l  emi t  r a d i a t i o n .  
Under  t h e  c o n d i t i o n s  of  t h i s  exper i ment  t h i s  as sumpt i on  w i l l  be assumed 
t o  be r i g o r o u s l y  s a t i s f i e d .
T h i s  s p o n t a n e i t y  as s umpt i on  may be put  in t h e  form of  a d i f f e r ­
e n t i a l  e q u a t i o n .
( Ni 1)
\  d  t  )  ^
)
Th i s  e q u a t i o n  s ays  in words t h a t  t he  r a t e  of  l os s  of  t h e  i s t a t e  
d e n s i t y  by s p o n t a n eo us  emi s s i on  i s  p r o p o r t i o n a l  t o  t h e  d e n s i t y  o f  t he  
atoms in s t a t e  i .  Aj i s  t h e  c o n s t a n t  of  p r o p o r t i o n a l i t y  known as  t he  
t r a n s i t i o n  p r o b a b i l i t y  pe r  u n i t  t ime and h e r e a f t e r  i t  w i l l  be c a l l e d  
s i mp l y  t h e ’t r a n s i t  ion p r o b a b i l i t y ” . That  t h e r e  may be many o t h e r  r a t e  
p r o c e s s e s  c o n t r i b u t i n g  t o  t h e  r a t e  of  change of  s t a t e  d e n s i t y  w i l l  be 
s een  l a t e r .  Should  t h i s  p r o c e s s  be t h e  only  l os s  p r o c e s s ,  as  would be 
t h e  c a s e  f o r  atoms i s o l a t e d  from t h e i r  n e i g h b o r s ,  and from r a d i a t i o n  and 
a l s o  i f  none o f  t h e s e  atoms a r e  e x c i t e d  t o  h i g he r  l e v e l s  t h a t  can cascade  
i n t o  t h e  s t a t e  be i ng  measured ,  then
#  =  - A i
hence -  N  0 3)
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The " Na tu r a l  L i f e "  o f  an a tomic s t a t e  is  d e f i n e d  as t he  
mean l i f e  of  t h e  s t a t e  i f  t h e  only  p r o c e s s  involved in changi ng  t h e  
s t a t e  d e n s i t y  i s  spon t aneous  e m i s s i o n .  S i nce  t h e  s t a t e  d e n s i t y  e x p r e s ­
s i o n  3 )  was d e r i v e d  on t h e s e  grounds  one may use i t  and e q u a t i on  2} 
in t h e  d e r i v a t i o n  of  t h e  mean l i f e  e x p r e s s i o n .




and a p p l y i n g  e q u a t i o n  2} and 3)
OC
T i  “  — A t  f t  0  c l t 6)
o
i n t e g r a t i n g  by p a r t s  and a p p l y i n g  L ' H o p i t a l ' s  r u l e  one has
T;= ' / A i
The r e s t r i c t i o n s  on t h e  d e f i n i t i o n  of  " Na t u r a l  L i f e "  a r e  so 
g r e a t  t h a t  % i s  r a r e l y  de t e r mi ne d  e x p e r i m e n t a l l y .  I t  i s  t h e r e f o r e  
u s e f u l  t o  d e f i n e  t  which is  t h e  mean l i f e  of  t he  s h o r t e s t  l i ved  
e x p o n e n t i a l  component  making up t h e  r a d i a t i o n  c u r v e .  I t  w i l l  be t h e  
same as  T  excep t  f o r  c a s e s  when only  c a s c a d i n g  p r o c e s s e s  e x i s t .
Should t h e r e  be more t han  one lower s t a t e  a c c e s s i b l e  t h r ough  
r a d i a t i o n  the n  i t  i s  h e l p f u l  t o  w r i t e  s e p a r a t e  e q u a t i o n s  ana l ogous  
t o  e q u a t i o n  1) but  a p p l i e d  t o  s p e c i f i c  t r a n s i t i o n s .
d N i ^ / d t  -  “ Ahji. Ni
4 U i , j / d t  =  - À i y j  N i  8)
*. '
Here t h e  t r a n s i t i o n  p r o b a b i l i t y  i s  d e f i n e d  f o r  each s p e c i f i c
t r a n s i t i o n  r a t h e r  t ha n  f o r  t h e  e n t i r e  s t a t e .
S i nc e  t h e  r a t e  of  l o s s  of  s t a t e  i i s  t h e  r a t e  of  l o s s  summed 
o ve r  a l l  l o s s  p r o c e s s e s ,  e q u a t i o n s  8)  may be added t o  o b t a i n  t h e  
e q u i v a l e n t  of  e q u a t i on  1 ) .
(  1  =(£ A,'j) Mi
\ dt / amisf. J j
Comparing e q u a t i o n  9) w i t h  e q u a t i o n  1) one s e e s  t h a t
9)
A i  ^  é .  A i , , ;  10)
J
Here t h e  t o t a l  t r a n s i t i o n  p r o b a b i l i t y  which d e t e r mi n e s  t h e  
n a t u r a l  l i f e  of  t h e  i t h  s t a t e  is  t h e  sum of  t h e  i n d i v i d u a l  t r a n s i t i o n  
p r o b a b i l i t i e s  f o r  i n d i v i d u a l  t r a n s i t i o n s  making up t h i s  l o s s .  L i gh t  
i n t e n s i t y  d a t a  and r a d i a t i o n  t h e o r y  g i v e  v a l u e s  fo r  t h e  ,  wh i l e
t h e  measured r e l a x a t i o n  c u r v e s  y i e l d  v a l u e s  f o r  A ^ ^ S  i f  t h e  only  s t a t e  
d e n s i t y  r a t e  p r o c e s s  is  s pon t aneous  e m i s s i o n .
Now t h e  photon s o u r c e  i n t e n s i t y ^ ^  i s  d e f i n e d
I  ijj 5 à dt n)
^^The photon i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  s i g n a l  r ead  on a 
photon  c o u n t e r .
and r e t u r n i n g  t o  e q u a t i o n  1) i t  can be seen  t h a t
12)
I f  one wi s hes  t o  compare photon i n t e n s i t i e s  f o r  two d i f f e r e n t
l i n e s .
I  i y t  ^  W  Ï
1  r  13)
j j t  A j . i
I f  bo t h  l i n e s  a r e  produced  by emmission from t h e  same s t a t e  t he  
photon i n t e n s i t i e s  a r e  s impl y  t h e  r a t i o  o f  t h e  t r a n s i t i o n  p r o b a b i l i t i e s  
a s s o c i a t e d  w i t h  each l i n e .
_  A \ i
^  “  “ (Common Upper  S t a t e )  1^)
A h i
I f  t r u e  l i g h t  s ou r c e  i n t e n s i t i e s  a r e  d e s i r e d  t he n  t h e  power 
p e r  u n i t  volume i s  i mpor t an t  and each of  t h e  above e q u a t i o n s  can be 
a da p t ed  t o  t h e  r e q u i r e d  form by s impl y  m u l t i p l y i n g  each ^  by t h e  
photon energy  h c ^ ^ j ^  . Thus 13) becomes
Kli
I j , i  A j j 4 .
and from 14) ^  A 'l .A  f  (Common Upper S t a t e )  16)
Xij-^ A} 4. Xi
Time R e l a t i o n s h i p  Between S t a t e  D e n s i t y  and Observed L i g h t  
In o r d e r  t o  i n v e s t i g a t e  t h e  r e l a t i o n s h i p ,  between t h e  l i g h t  
be i ng  observed  e x t e r n a l l y  and t h e  s t a t e  d e n s i t y  g i v i n g  r i s e  t o  t h a t  
l i g h t  one may t a k e  t h e  f o l l o w i n g  l i n e  o f  t h o u g h t .
,  t h e  number o f  pho tons  r a d i a t e d  p e r  u n i t  volume and
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t i me ,  i s  equal  t o b y  d e f i n i t i o n ;  see  e q u a t i o n  11 ) .  I f  one can 
assume t h a t  none of  t h e  photons  a r e  r ea b s o r be d  in t h e  gas  t hen  t h e  number 
of  pho tons  pe r  second p a s s i n g  t h r ou g h  a u n i t  a r e a  a t  a d i s t a n c e  r* 
from t h e  volume e l ement  and having  an a n g l e  of  i n c l i n a t i o n  & t o  
t h e  normal  v e c t o r  o f  t n e  a r e a  as  s een  in F i g u r e  1 ) ,  w i l l  be g iven  by
e q u a t i o n  17)
j j" * :  I*Cose <Jv.l 
^ i i  r 2-
F i g u r e  1
To f i n d  t h e  photon f l ux  i n t e n s i t y  a t  t h e  window one must 





Now c o n s i d e r  a n o n r e s ona n t  s t a t e  which w i l l  have t h e  same t i me  dépend­
ance t h ro ug ho u t  t he  volume.  One may w r i t e  N ; ( v , t )  in t h e  f o l l o w i n g  form 
where v i s  t h e  volume.
N iiV jO )  f ( t )
In e q u a t i on  3)  f o r  example.
S i n c e  =  A i ^ j  N i ( . V , 0 )  fy t)
S u b s t i t u t i o n  i n t o  18) g i v e s
J *  = fit) Ai,i
y,i
S i nc e  f o r  a g iven ex p e r i me n t a l  a r r angement  t h e  i n t e g r a l  i s  c o n s t a n t






Now i t  i s  a smal l  s t e p  t o  go from photon i n t e n s i t y  t o  p h o t o m u l t i p l i e r  
anode c u r r e n t  i f  one knows t he  a r e a  of  window d ,  t he  window e f f i c i e n c y  
, t h e  ca t hode  e f f i c i e n c y  and t he  mu 11 ip I i c a t  i on of  t he  photomuI t i ­
pi i e r  M. Wi thout  c a r r y i n g  out  t h e  m i n u t i a  of  d e t a i l s  t h e  anode c u r r e n t  i s
33 ,
and combining wi t h  18} and lumping a l l  c o n s t a n t s
Thus f o r  a common t ime dependence th roughou t  t h e  volume,  no 
b l o c k a d i n g  of  r a d i a t i o n ,  and i f  t h e r e  a r e  no f a l s e  c ou n t s  o r  s a t u r a t i o n  
which a f f e c t  t h e  M of  t h e  p h o t o m u l t i p l i e r  t hen  i t s  anode c u r r e n t - v s -  
t ime curve  i s  t h e  same as  t h e  s t a t e  d e n s i t y - v s - t i m e  cu r ve  w i t h i n  a 
m u l t i p l y i n g  c o n s t a n t  K .
The K above i s  not  i mpor t an t  i f  only  t h e  t ime dependence is 
r e q u i r e d .  But in t h e  f e a s i b i l i t y  s t u d y  f o r  t h e  i n s t r um e n t  des i gn  i t  
had t o  be checked in d e t a i l  in o r d e r  t o  d e c i d e  t h e  volume and d e n s i t y  
of  e x c i t e d  s t a t e s  t h a t  would be needed t o  produce a good o u t p u t  c u r r e n t  
c u r v e .  When t h e  l i g h t  l eve l  i s  t oo  low, s t a t i s t i c a l  n o i s e  obscure s  t he  
t r u e  c u r ve  s ha p e .  The volume i n t e g r a l  used in t h i s  s t u d y  i s  given in 
Appendix I s i n c e  i t  may be u s e f u l  in f u t u r e  de s i gn  c o n s i d e r a t i o n s  in­
v o l v i ng  c y l i n d r i c a l  symmetry.
P o p u l a t i n g  and Loss P r o c e s s e s  R e l a t e d  t o  S t a t e  D e n s i t y
Now t h a t  t h e  t h e o r y  of  s t a t e  d e n s i t y  measurement  by means of  
l i g h t  o b s e r v a t i o n  has  been p r e s e n t e d  one needs  t o  c o n s i d e r  t h e  f a c t o r s  
gove rn i ng  t h e  t ime dependence of  t h e  s t a t e  d e n s i t i e s .
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C l e a r l y  t h e  s t a t e  d e n s i t y  i s  going t o  be equal  t o  t h e  i n i t i a l  
number o f  p a r t i c l e s  p l u s  t h e  t ime i n t e g r a l  o f  ga in  p r o c e s s e s  and minus
t he  t ime i n t e g r a l  of  l os s  p r o c e s s e s .  Given as  f o l l o w s :
NlCtJ = h)i(o) + 1  '■**' ''^“0, it Jo„
t o  J t J 25)
S t a t e  P ro d u c t i o n  P r o c e s s e s  
The only  ga in  p r oc e s s  i n t e r n a l  t o  an atom is  t h e  c a s ca d i n g  from 
upper  s t a t e s  t o  t h e  s t a t e  in q u e s t i o n  and t h i s  w i l l  be g iven  t h e o r e t i c a l  
c o n s i d e r a t i o n  l a t e r  and may be a ma jor  c o n t r i b u t i o n  t o  t h e  s t a t e  d e n s i t y  
in some c a s e s .
E x t e r n a l  ga in  p r o c e s s e s  a r e :
a )  photon i n t e r a c t i o n
b) charged p a r t i c l e  -  e l e c t r o n
i on
c )  n e u t r a l  p a r t i c l e  -  i n t e r n a l  ene r gy  c o n v e r s i o n
k i n e t i c  ene r gy  c o n v e r s i o n
d) w a l l s  o f  c o n t a i n e r  -  the rmal  energy
a)  The photon i n t e r a c t i o n s  which can produce  a given a t omi c  s t a t e  f a l l  
i n t o  two c l a s s e s :  P h o t o e l e v a t i o n  of  a lower  s t a t e ,  and s t i m u l a t e d
emi s s i on  between an upper  s t a t e  and t h e  one be i ng  c o n s i d e r e d .  These 
two p r o c e s s e s  a r e  g iven  by t h e  f o l l ow i n g  e x p r e s s i o n :
—  - / j o N s B e ^ i  
d  t  /
f o r  p h o t o e l e v a t i o n  and
=  2 7 ,
f o r  s t i m u l a t e d  e m i s s i o n .
S i n c e  ground s t a t e  atoms have a v e r y  h igh  d e n s i t y ,  and because
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r e s onance  r a d i a t i o n  i s  very i n t e n s e ,  due t o  t u n n e l i n g  of  energy t h r ough  
r esonance  s t a t e s  t o  t h e  ground s t a t e ,  p h o t o e l e v a t i o n  of  ground s t a t e  atoms 
t o  t h e s e  r e s onance  s t a t e s  is  i m p o r t a n t .  Th i s  r e a b s o r p t i o n  w i l l  be spoken 
of  as  b l o c k a d i n g  or  r a d i a t i o n  impr i sonment .  Al l  o t h e r  p h o t o p r od uc t i on  
p r o c e s s e s  w i l l  be n e g l e c t e d  w i t h  t h e  r e s e r v a t i o n  t h a t  f o r  m e t a s t a b l e  s t a t e s  
some c a u t i o n  i s  w a r r a n t e d .
b) S t a t e  p r o d u c t i o n  by impact  of  charged  p a r t i c l e s  f a l l s  i n t o  
two c a t e g o r i e s .  The e l e c t r o n  o r  l i g h t  p a r t i c l e  and t h e  ion o r  heavy 
p a r t i c l e  p r o c e s s e s  c o n s t i t u t e  t h e s e  d i v i s i o n s .
(  g | ^ ^ 8 l e c ^ r  =  ( J ^  • hs)g N g  " V t  — 28)
i o n  *  N i  j  Vr  29)
VtlSÙKj
In t h i s  exper iment  i s  a lways  much lower t h a n  Vg because of  
m^m% and because  Vg is f i e l d  produced w h i l e  v^ found w i t h i n  t he  e x c i t a t i o n  
zone is  t h e r m a l l y  p roduced .  Thus wi t hou t  r e s e r v a t i o n  one may n e g l e c t  2 9 ) .  
Equa t ion  28) g i v e s  t he  main p r o d u c t i o n  te rm in t h i s  expe r i me n t .
I t  s hou l d  be p o i n t ed  out  q u i t e  c a r e f u l l y  t h a t  in t he  s e p a r a t e  
t r e a t m e n t  of  r a t e  p r o c e s s e s  in t h i s  s t u d y  (Jei i s  t h e  t r u e  impact  c r o s s  
s e c t i o n  and i s  not  (Jei t he  g r os s  c r o s s  s e c t i o n  o b t a in e d  in exper i ment  
where CJei is d e f i n e d  by t h e  f o l l o w i n g  e q u a t i o n :
(Je/s  I * / N a N « V t  30)
In t h e  e xpe r i men t a l  c r o s s  s e c t i o n  d e t e r m i n a t i o n ,  many of  t he  i
s t a t e s  a r e  not  produced d i r e c t l y  but  r a t h e r  a r e  t h e  r e s u l t  of  c a s ca d i n g
from upper  s t a t e s  c r e a t e d  by e l e c t r o n  impact .  S ince  c a s ca d i n g  i s  t r e a t e d
s e p a r a t e l y  t h e  t r u e  impact c r o s s  s e c t i o n  concep t  must  be used h e r e .
c) Ne u t r a l  p a r t i c l e  p r o d u c t i o n  of  e x c i t e d  s t a t e s  may come
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about  t h rough  c o l l i s i o n s  of  t h e  second k ind where i n t e r n a l  e n e r g i e s  a r e  
t r a n s f e r r e d  from one atom t o  t h e  next  w i t h  t h e  exce s s  energy  be i ng  given 
o f f  as  k i n e t i c  energy of  t he  two n e u t r a l s .  T h i s  p r o c e s s  would be depend­
ent  upon t he  d e n s i t y  of  s t a t e s  l y i ng  above t h e  one be i ng  s t u d i e d  and upon 
t h e  d e n s i t y  of  n e u t r a l s .
The i n t e r a c t i o n  p a r am e t e r  i s  smal l  i f  t h e  c o n v e r s i o n  of  i n t e r n a l  
energy  must be given o f f  in p a r t  t o  an e n t i r e  atom r a t h e r  t han  t o  a s i n g l e  
e l e c t r o n  as in t he  Penning e f f e c t .  Along w i t h  t h i s  c o n j e c t u r e  one f i n d s  
t h a t  t h e  c o l l i s i o n  f r equency  between e x c i t e d  s t a t e s  and n e u t r a l s  i s  low 
compared wi t h  l i v e s  of  s t a t e s  in t h i s  e x pe r i me n t a l  work.  T h e r e f o r e  t h i s  
i n t e r a c t i o n  must  c o n t r i b u t e  l i t t l e  t o  t h e  change  obse rved  in l i f e t i m e  
s t u d i e s  u n l e s s  t he  n a t u r a l  l i v e s  exceed 10~^sec .  As a check ,  n o t i c e  fo r  
Hg a t  1100* K. and .13 mm Hg, X =  .135cm,  whi le V of  Hg =  2 . 4  x 10^ 
cm/sec . ^® Thus ,  an e s t i m a t e d  mean l i f e  c o n t r i b u t i o n ,  i f  t h i s  p r o c e s s  
a l o n e  governed the  l o s s e s ,  is
zf'W ' A  , y V  ^ / û  31)
On t h e  grounds of  t h e  low i n t e r a c t i o n  p r o b a b i l i t y  t h e  a u t h o r  c o n s i d e r s  
t h i s  p r oc e s s  t o  be n e g l i g i b l e .
Neut ra l  -  n e u t r a l  e x c i t a t i o n  by impact  between ground s t a t e  
atoms i s  ex t r emel y  improbable s i n c e  t h e  n e u t r a l  t he rmal  energy a t  1100*
K i s  of  t h e  o r de r  o f  O . l ev  w h i l e  t h e  lowest  e x c i t a t i o n  p o t e n t i a l  i s  two 
hundred t i mes  l a r g e r .
d) The e x c i t a t i o n  of  n e u t r a l  ground s t a t e  atoms by c o n t a c t  
w i t h  w a l l s  in t h i s  exper iment  is  c o m p l e t e l y  r u l e d  out  by t he  same 
argument  as given in t h e  p r e v i o u s  p a r a g r a p h .
T®See Appendix II f o r  more d a t a  on Hel ium.
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Reviewing t h e n ,  one s e e s  t h a t  c a s c a d i n g ,  r a d i a t i o n  impr i sonment ,  
and e l e c t r o n  impact  a r e  t he  only  p r o d u c t i o n  p r o c e s s e s  of  consequence  
f o r  t h i s  work.
Loss  P r o c e s s e s
The p o s s i b l e  l o s s  p r o c e s s e s  a r e  d i v i d ed  i n t o  i n t e r n a l  and e x t e r n a l  
p r o c e s s e s  t o o ,  w i t h  t h e  only i n t e r n a l  p ro c e s s  being s pon t aneous  e m i s s i o n .  
The e x t e r n a l  p r o c e s s e s  a r e  d i v i d e d  in a way s i m i l a r  t o  t h e  ga i n  p r o c e s s e s  
j u s t  d i s c u s s e d .
a)  photon e l e v a t i o n  t o  h i g h e r  s t a t e s
e n f o r ced  emi s s i on  t o  lower  s t a t e s
b) e l e c t r o n  impact e l e v a t i o n
impact  l o s s  ( c o l l i s i o n  o f  second
kind)
c)  ion impact e l e v a t i o n
impact  loss
d) n e u t r a l  Penning e f f e c t  in r a i s i n g  o r
lower ing a s t a t e
e)  wal l  e f f e c t
a)  Photon l o s s e s .  Here t h e  photon l o s s e s  a r e  d i v i d e d  i n t o  t he  
same c a t e g o r i e s  as  t h e  p r o d u c t i o n  p r o c e s s e s  and a r e  governed by t h e  same 
form of  e q u a t i o n .  The one p o i n t  of  i n t e r e s t  i s  t h a t  t h e  s t a t e  d e n s i t y  
a p p e a r s  l i n e a r l y  in t h e  e x p r e s s i o n .
^  f o r  e l e v a t i o n  32)
f or  s t i m u l a t e d  emi s s i on  
t o  lower s t a t e s  33)
The only  s t a t e s  which a r e  l i k e l y  t o  have a p p r e c i a b l e  e l e v a t i o n  
l o s s e s  a r e  ground s t a t e s ,  and m e t a s t a b l e  s t a t e s  on r a r e  o c c a s i o n .  S i nc e  
n e i t h e r  of  t h e s e  s t a t e s  is  a s o u r ce  of  l i g h t  t h i s  l o s s  p r o c e s s  i s  neve r  
l i k e l y  t o  be o b s e r ve d .
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b) E l e c t r o n  l o s s e s  may a l s o  be d i v i d e d  i n t o  e n e r g y - e l e v â t  ion 
o r  e n e r g y - l o s s  p r o c e s s e s .  The f i r s t  p r o c e s s  i s  a s t a g e  p ro c e s s  in which 
m u l t i p l e  e x c i t a t i o n  p l a y s  a r o l e .  The second p r o c e s s  i s  a c o l l i s i o n  
of  t h e  second kind where an e l e c t r o n  t a k e s  away the  e x c i t a t i o n  e n e r gy .
f N i < J ï C v ) W ) V a > ' + f b ; . N , W i V t  e l e c t r o n  . l e v â t ion 34)
I  ̂ f o r  second kind
^  = K i M t N i  (K,= rocnorv pari»w,eVt r)  J ' e a c t  ion r a t e s  35)
E l e c t r o n  i n i t i a t e d  l o s s  p r o c e s s e s  do not  r e q u i r e  h igh  ene rgy  e l e c ­
t r o n s  and t h e r e f o r e  may be t r i g g e r e d  by t h e  e l e c t r o n  c l o u d  which is  held 
by t h e  ions  in t h i s  e x p e r i me n t .  The beam e l e c t r o n s  w i l l  l i k e l y  c o n t r i b u t e  
only  t o  t h e  e l e v a t i o n  component  of  t h e s e  l o s s e s  because  of  t h e i r  h igh  
e n e r gy .  The e l e c t r o n  beam l os s  i s  g iven  as  t h e  second t e rm in t h e  e l e v a t i o n  
e x p r e s s i o n .
There  i s  no s i g n i f i c a n t  l os s  p r o c e s s  t h a t  can be i n i t i a t e d  by an 
ion ,  as  s een  by t he  a u t h o r .  T h e i r  v e l o c i t i e s  a r e  t oo  low t o  have any 
a p p r e c i a b l e  c r o s s  s e c t i o n .  The n e u t r a l  atom los s  p r o c e s s  due t o  c o l l i s i o n s  
of  t h e  second kind a r e  a l s o  deemed u n i m p o r t a n t .  The Penning  e f f e c t  r e s u l t ­
ing from a f o r e i g n  gas and long l i ved  e x c i t e d  s t a t e s  may become impor t an t  
however ,  but  gas p u r i t y  s hou l d  c o n t r o l  t h i s .
Th i s  l eaves  one w i t h  only two t y p e s  of  l os s  p r o c e s s e s  t o  be con­
s i d e r e d .  Spontaneous  e m i s s i o n ,  a l r e a d y  c o n s i d e r e d ,  and e l e c t r o n  impact  
p r o c e s s e s .  The e l e c t r o n  beam component  o f  t h e  l os s  p r o c e s s  may be 
i n v e s t i g a t e d  f o r  an o r d e r  of  magni tude  f e a s i b i l i t y  s t u d y .
S i nc e  t h e  e l e v a t i o n  c r o s s - s e c t i o n  is  unknown i t  might  be 
i n f o r m a t i v e  t o  c o n s i d e r  i t  t o  be t h e  same o r d e r  of  magn i t ude  as t h e  
i o n i z a t i o n  c r o s s  s e c t i o n  f o r  ground s t a t e  a toms .  I t  may be c o n s i d e r a b l y
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l a r g e r  but  i t  seems u n l i k e l y  t o  be more t ha n  an o r d e r  of  magni tude  
l a r g e r .  With t h i s  in mind one f i n d s  t h e  e l e v a t i o n  r a t e  ( i o n i z a t i o n  
r a t e )  t o  be g i ve n  by t h e  f o l l o w i n g  e x p r e s s i o n
(  T  ^  ^  " ÿ "  D  ^  10 ^  = i o n / u s e c  36)
where is  t h e  i o n i z a t i o n  e f f i c i e n c y  in ions /cm
e l e c t r o n  and is  found t o  be 1.25 i o n s / e l e c t r o n  cm
I f o r  t h e s e  c o n d i t i o n s .
ltjC= impact  c u r r e n t
D = e l e c t r o n  p a t h  l eng t h  (Diameter  of  sys t em)
S  = e l e c t r o n i c  charge
ëTtd-
S in ce  t h e r e  a r e  3 5 . 3 5  10 a t oms / cc  a t  1 . 0  mm of  Hg and
273*K, t h e  r a t i o  of  ions  t o  n e u t r a l  a f t e r  one x<-Sec  of  e x c i t a t i o n  is
Here t h e  c o r r e c t i o n  fb r  p r e s s u r e  and t e mp e r a t u r e  c a n c e l .  Thus ,  even i f  
t h e  s t a t e  e l e v a t i o n  c r o s s - s e c t i o n  were g r e a t e r  t h a n  t h e  i o n i z a t i o n  
c r o s s - s e c t i o n  t h e  s t a g e  p r o c e s s e s  a r e  h i g h l y  u n l i k e l y  when compared t o  
d i r e c t  p r o c e s s e s  where t h e  i n t e r a c t i o n  i s  w i t h  t h e  ground s t a t e  a toms.  
The los s  p r o c e s s e s  t o  t h e  e l e c t r o n  c l oud  in t he  plasma c r e a t e d  in t h i s  
e x c i t a t i o n  tube  w i l l  be n e g l e c t e d  e xce p t  f o r  h igh l e ve l  s t a t e s  where i t  
i s  assumed t o  s t r i p  t h e  gas o f  h igh l eve l  s t a t e s .  T h i s  needs  more 
i n v e s t i g a t i o n  however .
T.  Smi th ,  Phys .  Rev 36 ,  1293-1299 (1 9 3 0 ) .
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One i mpor t an t  l a s t  comment i s  t h a t  every  l o s s  p r oc e s s  ( excep t  
f o r  t h e  p o s s i b l e  i n t e r a c t i o n  between two atoms of  t h e  same s t a t e )  
i s  l i n e a r l y  dependent  upon t h e  s t a t e  d e n s i t y  Nj .  T h i s  f a c t  w i l l  be 
impor t an t  in t h e  d i s c u s s i o n  of  t h e  d i f f e r e n t i a l  e q u a t i o n  g ove r n i ng  
t h e  s t a t e  d e n s i t y  which w i l l  now be d e v e l op e d .
S t a t e  D e n s i t y  Equat  i on 
R e t u r n i n g  t o  e q u a t i o n  25)  one may put  i t  i n t o  d i f f e r e n t i a l  
form by t a k i n g  t h e  t ime d e r i v a t i v e  of  a l l  t e r m s .
SLî i i iÈ)  -  ^ ( ^ a i n n h  r a h  Proc««j,- 38)
d  t  T  J  '  J
I t  w i l l  be remembered t h a t  t h e  on l y  ga i n  p r o c e s s e s  deemed p e r t i ­
nent  f o r  most  ex p e r i me n t a l  work a r e  t h e  i n t e r n a l  c a s c a d i n g  t e r m,  t h e  
e l e c t r o n  impact  t e rm and t h e  r a d i a t i o n  impr i sonment  t e rm.  These  t e rms  
t a k e n  s e p a r a t e l y  a r e  as  f o l l o w s :
C =  Z ,  N j ^  39 ,
\  ^  ^  / c ascade  j > i
where ^  40)
Here j and i s u b s c r i p t s  app l y  t o  p r i n c i p a l  quantum numbers and 
k and app l y  t o  o r b i t a l  quantum numbers .  The s t i p u l a t i o n  t h a t  ^  =  / ( t  1  
i s  s impl y  t h a t  | a n g u l a r  momentum s e l e c t i o n  r u l e .  C l e a r l y  j y  i
i mp l i e s  t h e  j s t a t e  energy  must  be above t h e  i s t a t e  e ne r gy ,  o t h e r w i s e  
c a s c a d i n g  t o  t h e  i t h  s t a t e  would be i m p o s s i b l e .
(
Here A i s  t he  a r e a  t h r ou g h  which c u r r e n t  must  pas s  and e i s  t he
e l e c t r o n i c  c h a r g e .
The r e s on a n c e  r a d i a t i o n  t e rm w i l l  no t  be t r e a t e d  in g e n e r a l  a t
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t h i s  p o i n t  but  w i l l  be d i s c u s s e d  in Appendix I I I .  Under  t h e  c o n d i t i o n s  
of  f u l l  b l oc kad i ng  every  t r a n s i t i o n  t o  t h e  ground s t a t e  r e s u l t s  in t he  
e l e v a t i o n  of  a n o t h e r  n e u t r a l  t o  t h a t  s t a t e  by t h e  c a p t u r e  of  t h e  pho t on .  
Thus under  f u l l  b l o c k a d i n g  t h e r e  i s  no n e t  l os s  t o  t h e  ground s t a t e .  
T h e r e f o r e ,  t h e  on ly  a l t e r a t i o n  of  t h e  g e n e r a l  nonblockaded  a n a l y s i s  
w i l l  be t o  t r e a t  t h e  g g  s t a t e s  as  though t h e y  a r e  ze r o  f o r  t he  
sy s t em as  whole even though t h e s e  t r a n s i t i o n  p r o b a b i l i t i e s  a r e  t he  
l a r g e s t  in t he  atom,  when t h e  atoms a r e  c o n s i d e r e d  i n d i v i d u a l l y .
^  0 0  — O  ( f o r  f u l l  b l oc k a d i n g )  42)
The l o s s  p r o c e s s e s  w i l l  be c o n s i d e r e d  as  made up of  on ly  two
t e r m s ,  t h e  spo n t a n e o u s  emi s s i on  t e rm and t h e  t o t a l  o f  a l l  o t h e r  l o s s
p r o c e s s e s  lumped i n t o  a s i n g l e  t e r m .  The s p o n t a n e o u s  emi s s i on  t e rm as 
in e q u a t i o n  9) i s :
s p . .  /  N i .A =  A i 4  MiÉ , 3 )
V a l '  /  j
Here a g a i n ,  Z. =  k^l  but  j < i  means t h o s e  s t a t e s  whose energy i s  below
t h a t  of  s t a t e  i .
Al l  o t h e r  l o s s e s  a r e  c o n s i d e r e d  smal l  and a r e  lumped t o g e t h e r  
f a c t o r i n g  out  t h e  dependence which was ment ioned  in p r e v i o u s
d i s c u s s i o n .
J ^  ( P r e s s u r e ,  Volume,  Time,  e t c . )  44)
j / /  tonei aeetft f y e i t
Thus t h e  f i n a l  form f o r  t h e  s t a t e  d i f f e r e n t i a l  e q u a t i on  38)  becomes
t h e  f o l l ow i ng  under  f u l l  b l o c k a d i n g .
**" j< i
gain ~ ,c<^xs ■ ion lossef
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Now t h e  l a s t  t e rms  may be lumped t o g e t h e r  w i t h  t he  common 
f a c t o r  £  and t h e  e l e c t r o n  impact t e rms  may be w r i t t e n  and
and t r a n s p o s i n g  the  l o s s  t e rms  one has
oc
+ Ni.t [a>.4+ f n  f Z 46)
Q *
Th i s  e q u a t i o n  i s  t h e  form
+ N -fe) = gW
and can be s o l v e d  f o r  N as  a f un c t i on  o f  t ime e x p l i c i t l y  p r ov i ded  f ( t ]  
i s  not  t oo  awkward.  The s o l u t i o n  i s  found in ma t hema t i c s  t e x t s  c o v e r i n g  
o r d i n a r y  l i n e a r  d i f f e r e n t i a l  e q u a t i o n s .  I t  t a k e s  t h e  f o l l ow i ng  form;
H  = {> (,)  +  Kfe) /p  48)
where  P  =  Ê  49)
Apply ing  t h i s  s o l u t i o n  t o  e q u a t i o n  46)  r e s u l t s  in t h e  f o l l ow i ng  
e x p r e s s i o n :
N i i U ) »  50)
elttJhrt’T. xn-fètf Pf'o4ucticr\ ^  CMctar^.^
The t h i n g  which makes e q ua t i o n  50)  awkward i s  t h a t  t h e  N^. f  ' c
w i t h i n  t h e  i n f i n i t e  sum a r i s i n g  from t h e  c a s ca d i n g  of  upper  l e v e l s  a r e
a l l  governed by e x p r e s s i o n s  s i m i l a r  t o  50)  i t s e l f .  Thus t h e  a n a l y t i c a l
s o l u t i o n  of  t h e  e q u a t i on  looks h o p e l e s s l y  d i f f i c u l t  u n l e s s  one can
e l i m i n a t e  most  of  t h e  c a s ca d i n g  t e rm s .
One way would be t o  assume an e x c i t a t i o n  s o u r c e  which could
only  e x c i t e  atoms up t o  an energy  wel l  below t he  i o n i z a t i o n  e n e r g y ,  a
c o n d i t i o n  no t  f e a s i b l e  w i t h  t h e  p r e s e n t  expe r i me n t a l  l i g h t  s o u r c e .
Ano t he r  method would be t o  s e l e c t  only  t h o s e  t e rms  which a ppe a r  t o
g ive  an a p p r e c i a b l e  c o n t r i b u t i o n  wh i l e  n e g l e c t i n g  any c a s c a d i n g  which
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might  make a c o n t r i b u t i o n  t o  t h o s e  upper  l e v e l s  under  s t e a d y  s t a t e  c o n d i t i o n s .
The e f f e c t  of  t h e  very  long l i v e d  upper  l evel  on t he  s t a t e  d e n s i t y  
of  lower l e v e l s  is governed by the  f a c t  t h a t  e x c i t a t i o n  only  c o n t i n u e s  f o r  
a f i n i t e  p e r i o d  of  t ime and t h e s e  upper  l e v e l s  never  a c q u i r e  t h e i r  f u l l  
s t e a d y  s t a t e  d e n s i t y .  The f r a c t i o n  of  t h e i r  s t e a d y  s t a t e  d e n s i t y  a c q u i r e d  
d u r in g  f i n i t e  e x c i t a t i o n  t i me s  may be approx imated  by t h e  f o l l ow i n g  ex­
p r e s s i o n  which w i l l  be d e r i v e d  l a t e r .
NH Co o )
Here t gx  is  t h e  e x c i t a t i o n  t i me  and N j ( o c )  i s  t he  s t e a d y  s t a t e  d e n s i t y  of  
t h e  i s t a t e  a toms.
Spec i a I Case  So Iut  i ons o f  S t a t e  Equa t i on
The R e l a x a t i o n  Curve Wi thout  Cascad i ng
F i r s t  i t  i s  i n f o r m a t i v e  t o  n o t i c e  t h a t  Eq ua t i on  50)  s i m p l i f i e s  
c o n s i d e r a b l y  i f  one may n e g l e c t  c a s c a d i n g  and a t  t h e  same t ime assume 
t he  e l e c t r o n  beam which has  e x c i t e d  t h e  i s t a t e  is  sudden l y  c u t  o f f .
A f t e r  c u t o f f  both p r o d u c t i o n  p r o s s e s  a r e  z e r o  hence t h e  i n t e g r a l  in 50) 
becomes ze r o  a l s o  and Njk i s  given as f o l l o w s :
52)
I f  one assumes t h e  lumped l os s  t e rm gC t o  be independen t  of  t ime 
t he n  one o b t a i n s  a r e l a x a t i o n  c u rv e .
Here i t  is c l e a r  t h a t  i t  w i l l  be i mposs i b l e  t o  e x t r a c t  t h e  t r u e
n a t u r a l  l i f e  t ime from e x pe r i m e n t a l  d a t a  u n l e s s  t h e  l a b o r a t o r y  p a r am e t e r s
can be a d j u s t e d  t o  s ee  what  e f f e c t  t h e y  have on t h e  r e l a x a t i o n  c u r v e .
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By e x t r a p o l a t i o n  one c ou l d  p o s s i b l y  remove t h e i r  dependence .  S i nc e  t he  
d e n s i t y  of  n e u t r a l s  as  wel l  as  a lmos t  every  o t h e r  t e rm which might  a f f e c t  
t he  l o s s e s  i n c r e a s e s  w i t h  p r e s s u r e  one would e x p e c t  t h e  decay curve  t o  
f a l l  away more r a p i d l y  a t  h igh  p r e s s u r e ,  hence a s h o r t e r  l i f e  a t  high 
p r e s s u r e  would imply t h a t  l o s s e s  o t h e r  t ha n  p h o t omi s s i on  need t o  be con­
s i d e r e d .
E l e c t r o n  E x c i t a t i o n  Wi thout  Cascad i ng  
In t h i s  ca se  t h e  o r i g i n a l  e q u a t i on  fo r  s i m p l i f i e s
c o n s i d e r a b l y .  w i l l  be c o n s i d e r e d  z e r o .
N , # . C l -
Here i t  is c l e a r  t h a t  as  one s t a r t s  t o  bombard a ground s t a t e  gas 
t h e r e  i s  a b u i l d - u p  of  s t a t e s  a p p r oac h i ng  a l eve l  a f t e r
two o r  t h r e e  r e l a x a t i o n  t i m e s .  Thus o t h e r  t h i n g s  be ing  equal  t h e  long 
l i ved  s t a t e s  a c q u i r e  l a r g e r  d e n s i t i e s  w i t h  t i m e .
To s t u d y  t h e  i n i t i a l  r a t e  of  b u i l d - u p  o f  a s t a t e  one can expand 
t h e  e x p o n e n t i a l  and o b t a i n  t h e  f o l l ow i ng  t e rm:
55)
Equa t ion  55)  makes i t  c l e a r  t h a t  a t  t  =  o t h e  r a t e  of  i n c r e a s e  of  a s t a t e  
i s  p u r e l y  o r o p o r t i o n e d  t o  i t s  t r u e  impact  p a r a m e t e r  and independen t  of  t h e  
decay r a t e  o f  t h e  s t a t e .  The n o - c a s c a d i n g  a s s umpt i on  i s  v a l i d  here  s i n c e  
a t  t=o t h e r e  a r e  no s t a t e s  t o  ca s ca de  i n t o  t h e  s t a t e  of  i n t e r e s t .  Th i s  
g i ve s  a means of  s e a r c h i n g  f o r  t h e  t r u e  v a l u e s .  The decay  r a t e  of
t h e  s t a t e ,  however ,  c l e a r l y  de t e r mi n e s  t h e  l i m i t i n g  s t a t e  d e n s i t y ,  wi t h  
f a s t  t r a n s i t i o n  s t a t e s  b u i l d i n g  up t o  a peak q u i c k l y ,  w h i l e  s low ones 
b u i l d  up as  r a p i d l y  f o r  equal  c r o s s  s e c t i o n s  but  t o  much h i g h e r  v a l u e s .
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Thus,  an o r d e r  of  magni tude  d i f f e r e n c e  in t h e  t r a n s i t i o n  p r o b a b i l i t y  should  
give  an o r d e r  of  magni tude  d i f f e r e n c e  in t h e  s t a t e  d e n s i t y  a c q u i r e d  under  
s t e a dy  s t a t e  bombardment assuming t h e  OT àre n e a r l y  equal  and n e g l e c t i n g  
cascade  c o n t r i b u t i o n s  t o  s t a t e  d e n s i t i e s .  The s t e a d y  s t a t e  photon in­
t e n s i t y  from each s t a t e  s hou l d  be p r o p o r t i o n a l  t o  t h e  c r o s s  s e c t i o n s  and 
independent  of  t h e  t r a n s i t i o n  p r o b a b i l i t y  under  s t e a d y  s t a t e  c o n d i t i o n s ,  
p rov i ded  c a s c a d i n g  can be n e g l e c t e d .
In a l l  t h e  l a b o r a t o r y  work on e x c i t a t i o n  c r o s s  s e c t i o n s  known t o  
t he  a u t h o r  t h e  c a s c a d i n g  t e rms  a r e  not  t a k e n  i n t o  account  so t h e  r e s u l t  
o b t a i n e d  i s  not  t he  t r u e  impact  c r o s s  s e c t i o n  as  d e f i n e d  in t h i s  work but  
t he  (T  c r o s s  s e c t  ion.
D e r i v a t i o n  of  E x p r e s s i o n  f o r  Two S t age  Cascad i ng
I f  one t a k e s  t h e  comple t e  e x p r e s s i o n  f o r  Nj as found in e q u a t i o n  
50} and t h e n  s u b s t i t u t e s  a s i m i l a r  e x p r e s s i o n  i n t o  t h e  c a s c a d i n g  t e rm and 
then  a g a i n  i n t o  t he  new c a s c a d i n g  t e rm one w i l l  have e q u a t i o n  57)  shown 
on page 25 which is a p p l i c a b l e  t o  two s t a g e s  o f  c a s c a d i n g .  I t  i s  assumed 
t h a t  t h e  t e rms  in s t a g e  two a r e  not  fed by c a s c a d i n g  as  i s  s een  by t h e  
ze ro  in t h e  p a r e n t h e s i s  o f  t h e  i n t e g r a n d  of  t h e  (k)  i n t e g r a l  in e q u a t i o n
5 7 ) .
In o r d e r  t o  s i m p l i f y  e q u a t i o n  57)  t h e r e  a r e  fou r  u s e f u l  i d e n t i t i e s
which may be employed.  They a r e  as  f o l l o w s :
. t
•' X -----^
notice Sign change _ S
• A , - A ,
c)  and d) f o l l ow d i r e c t l y  from a)  and b) but  t he y  occur  so f r e q u e n t l y  
in t h e  expans ion  of  N t h a t  i t  i s  u s e f u l  t o  w r i t e  them out  a t  t h i s  p o i n t .
I t  shou ld  a l s o  be p o i n t e d  out  t h a t  t h e  o p e r a t o r s  ^  and j  a r e  
commutat ive wi t h  each o t h e r  and t h a t  t he y  a r e  both d i s t r i b u t i v e  over  sums 
of  t e rms .
In o r d e r  t o  save space  Nj|^(o) =  and of  co u r se  Aj 5  A| j
where j <  i means a i l  j s w i t h  l e s s  ene rgy  t ha n  i .
I f  o t h e r  l o s s e s  e n t e r  t h e  problem t h e n  a l os s  t e rm must  be added 
t o  Aj as  can be seen in e q u a t i o n  53)  f o r  example .
Ci) CJ) ci;
by d i s t r i b u t i v e  law of  o p e r a t o r s  one can now expand t h e  e x p r e s s i o n  and by t h e  
a s s o c i a t i v e  law of  sums c o l l e c t  a l l  t e rms  havi ng  N^s and t h o s e  which have jr *s .
Ni = { ÿ .  + 1  A i i  ^  Y  I
58)
The upper  e x p r e s s i o n  g e n e r a t e s  t h e  f u n c t i o n  which governs  t h e  decay of  s t a t e s  i f  t h e r e  
i s  no e l e c t r o n  impact  w h i l e  t h e  r ema i n d e r  of  t h e  e x p r e s s i o n  g i v e s  t h e  b u i l d - u p  of  s t a t e s  i f  
t h e r e  a r e  no e x c i t e d  s t a t e s  a t  t  =  o.  Both w i l l  be needed i f  n e i t h e r  of  t h e s e  c o n d i t i o n s  hold 
however .  The ad v a n t ag e  of  t h i s  form f o r  t h e  e x p r e s s i o n  i s  t h a t  one may keep a l l  of  t h e  t e rms  
from each s t a g e  of  c a s c a d i n g  lumped t o g e t h e r  and i f  i t  i s  d e s i r a b l e  t o  only c o n s i d e r  a s i n g l e  
s t a g e  of  ca s c a de  t h e  l a s t  doub l e  sum t e rm may be dropped a l l  t o g e t h e r .  I t  a l s o  g i v e s  a 
method of  r e c o g n i z i n g  t h e  form f o r  an n s t a g e  c a s ca d e  f o r mul a .
S i n c e  N =  Nj c a r r y  out  t h e  expans i on  u s i n g
i d e n t i t i e s  56 a)  b) c)  d)  t o  a s s i s t .
.(w.NiMiV +iAj i fj fi  Ml, e ' d tj- t





spent" a*n t ous  
É‘m»S'i lo»\
The e xp a n s io n  of
AS t a c j c  o n e  
c a s c a J  c
S t a t u e  hujo 
C8%c.acl  e
i(? ‘ fi w i l l  be found on t h e  n ex t  page.
u s m  ( « j ) /  ( ^ « )  y  ( s t , )  /
f ( f ' , ( , '  W  = _ g - (  i - e ' * ' ‘ )  ^ f  | k Ai ^ / 4 t j  W « % L y e ' ' ÿ C
" < « c >  J  ( ^ * 0  /
I l  f :  *  (  ^ " 1  ^ 1 ]
f ( r u )
f̂ .- c U) = £i(i -e ***) 4- ±  ^  ï;  ( >^'̂ 't +
^ '  '  4i Al Aj Ai-Aj
/ ^ i  i s  t h e  sum of  t h e  h e a v i l y  u n d e r s co r e d  t e r m s .
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A rev iew r f  e q u a t i o n  60) and 62) shows t h a t  t he  f i r s t  t e rms  
a r e  j u s t  t h e  t e rms  one would expec t  w i t h o u t  c a s c a d i n g .  Namely
Nift) = Ni(o)e- ’̂̂ + ( I - ) 63)
as  was found in e q ua t i o n  53)  and 54)  *
Simple  One S t a ge  Cascade  With S i n g l e  Cascade Level  
Nex t ,  one might  c o n s i d e r  a ve ry  s p e c i a l  c a sca de  c a s e  in which 
one t e rm so dominates  t he  c a s c a d i n g  t h a t  a l l  o t h e r  t e rms  may be dropped.  
One must  r e t a i n  t h e  f i r s t  c a s c a de  t e rm in e q u a t i o n  60) and 62) and 
o b t a i n  t h e  f o l l ow i ng  form a f t e r  d ropp i ng  t h e  summation s i g n .
A: -  Aj '
l i  f  1
^  Î— A J /Ai — Aj J
In t h e  e x pe r i men t a l  a r r angement  employed both Nj and Nj a r e  ze ro  
b e f o r e  t h e  e x c i t a t i o n  s t e p  i s  a p p l i e d .  A f t e r  t h e  s t e p  is  a p p l i e d  t he  
s t a t e  d e n s i t i e s  b u i l d  up a c c o r d i n g  t o  t h e  t e rms  i nvo l v i ng  in e q u a t i o n  
6 4 ) .  S i nc e  t h e  s t e p  f u n c t i o n  i s  q u i t e  long compared t o  t h e  mean l i v e s  
of  t h e  s t a t e s  be ing obse rved  one has
Apply ing  t h i s  c o n d i t i o n  t o  64) one f i n d s  t h e  f i n a l  s t a t e  d e n s i t y  
a t  t h e  t i me  of  c u t o f f  t o  be
N j  ® f j  / A  • ^
A i  V
Assuming Nj t o  have no ca sca de  component  one has
W ' i ^ S i / A j  67)
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These  v a l ues  may now be used as  t h e  N* v a l ue s  f o r  t h e  cu t  o f f  
c o n d i t  ion.
A f t e r  c u t  o f f  only  t h e  t e rms  c o n t a i n i n g  N’ a r e  nonze ro  in 
e q ua t i o n  64} and one has by s u b s t i t u t i o n  of  66) and 67) i n t o  64) 
t h e  f o l l o w i n g  e x p r e s s i o n .
68)
A'z \ A? Ai -  AJ /
A f t e r  f i n d i n g  t h e  common denomi na t o r  f o r  t h e  e x p r e s s i o n  in t h e  p a r e n t h i s e s  
one has
Now remember ing t h a t  I = NjAj  
one has
i *  =  ( ^ S l -  A j i  g  ^  g " ^ ’'  ^  69)
Ai - At '  \ A j  Ai-Ajy ' "
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In t h i s  e x p r e s s i o n  ^  i ^  hÀ hJâ \/z ^
^  = 0 ^  !\)t tJo A)  ̂ ^  Ai j \
t/
i t  s hou l d  be p o i n t e d  out  t h a t  t he  f i n a l  e x p r e s s i o n  f o r  t h e  
d i f f e r e n t i a l  e q u a t i on  g o ve r n i n g  s t a t e  d e n s i t i e s  was d e r i v e d  on t h e  
b a s i s  of  no wal l  e f f e c t s .  T h i s  was a v a l i d  as sumpt i on  f o r  very f a s t  
decay component s .  Under c i r c u m s t a n c e s  where t h i s  does  not  hold  t r u e  
t h e  wal l  e f f e c t s  show up in t h e  e q u a t i o n  as  a d i f f u s i o n  t e rm of  t h e  
form ZV N; where D is  t h e  d i f f u s i o n  c o e f f e c i e n t .  Under t h e s e  
c i r c u m s t a n c e s  one has t he  ' general  e x p r e s s i o n  from t h e  Handbuch der  
P h y s i in t h e  f o l l owi ng  form.
Oj V*Nj + Ebj j Na -Ai Nj Nt + P ô)
Here P i s  t h e  lumped p r o d u c t i o n  t e rm which might  f i nd  i t s  cause  
in somet h ing  o t h e r  than  e l e c t r o n  impact  under  o t h e r  e x p er i me n t a l  con­
d i t i o n s  t han  t h o s e  employed in t h i s  l a b o r a t o r y .
T r a n s i t i o n  P r o b a b i l i t i e s  in Hel ium
Si nc e  he l ium is t h e  gas  be i ng  s t u d i e d  in t h i s  exper i men t  i t
w i l l  be i n f o r m a t i v e  t o  c o n s i d e r  t h e  t r e n d s  in t r a n s i t i o n  p r o b a b i l i t i e s
as one goes t o  h i g h e r  N v a l u e s  in he l i um.  The d i s c u s s i o n  w i l l  c e n t e r
21on t h e  d a t a  on he l ium found in L a n d o l t - B o r n s t e i n  T a b l e s .
The t r a n s i t i o n  p r o b a b i l i t i e s  a r e  not  given d i r e c t l y  but  must  
be e x t r a c t e d  from t h e  o s c i l l a t o r  s t r e n g t h  and t h e  wave l e n g t h  d a t a
ZOp. G. Fowl e r ,  " R a d i a t i o n  From Low P r e s s u r e  D i s c h a r g e s "  
Handbuch de r  Phys i k  ( e d . )  F l u g g e ,  XXII,  ( 1956) .
^^0£. Cit.
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22u s i n g  t h e  formula  given in t h e  N a t i on a l  Bureau of  S t a n d a r d s  Monograph.
I t  i s  as  f o l l ows
 -
h e r e  t h e  g*s a r e  t h e  s t a t i s t i c a l  w e i g h t s  which a r e  2 (1+  1) f o r  s i n g l e t s  
and 3(2% +  1) f o r  t r i p l e t s  where % is  t h e  a n g u l a r  momentum quantum 
number.
The A; i ŝ t end  t o  d i mi n i s h  as  i i n c r e a s e s .  Thi s  i s  b e s t  seen 
' * J
by t a k i n g  t h e  formula  f o r  ^ ( 2 , r \ )  g iven f o r  t h e  t r a n s i t i o n  from n^p 
s t a t e  t o  t h e  2^S.
72)
S u b s t i t u t i n g  72) i n t o  71) one has
A n . i ^ j L o  — K  / f \ . Here i t  becomes q u i t e  c l e a r
t h a t  t h e  A j ^ j ’ s f a l l  o f f  very  r a p i d l y  as  n i n c r e a s e s .  The t o t a l  t r a n s ­
i t i o n  p r o b a b i l i t y  Aj a l s o  f a l l s  o f f  r a p i d l y  wi t h  i n c r e a s i n g  n.
J
Al though  t h e r e  a r e  e s s e n t i a l l y  2 n s t a t e s  lower t h a n  t h e  n t h  s t a t e  which 
must  be added in o r de r  t o  f i n d  A j ,  t h e  dependence  of  t h e  A j j ’ s
dominates  t h i s  g r e a t e r  number of  c o n t r i b u t i n g  t e rms  and Ai f a l l s  o f f  a t  
l e a s t  as  f a s t  as  i « .  S i n c e T \ =  — t he  s t a t e  l i f e t i m e  t h e r e f o r e  i n -n2 '•I A i
c r e a s e s  a t  l e a s t  as f a s t  as  n^ f o r  l a r g e  n and more t han  l i k e l y  wi l l  
have more n e a r l y  an n^ dependence s i n c e  t r a n s i t i o n  t o  t h e  lower l e v e l s  
t e n d  t o  dominate  t h e  r e s t  of  t he  2n a c c e s s i b l e  s t a t e s  in spon t aneous  
emi s s i on  los s  r a t e s .  T h i s  f a c t  a l one  i m p l i e s  t h a t  t h e  c a s ca d i n g
220£. Cit.
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c o n t r i b u t i o n  w i l l  be smal l  from uppe r  n v a l u e s  when t h e  e x c i t a t i o n  s ou r ce  
i s  of  a s h o r t  t i me  d u r a t i o n .
I t  seems a p p r o p r i a t e  t o  d i s c u s s  t r e n d s  in e x c i t a t i o n  a t  t h i s  
p o i n t ,  s i n c e  t h i s  t oo  w i l l  govern t h e  c a s c a d i n g  c o n t r i b u t i o n  a t  lower 
l e v e l s .  The r i g i d  s e l e c t i o n  r u l e s  which hold f o r  photon i n t e r a c t i o n  
a r e  somewhat r e l a x e d  f o r  e l e c t r o n  i n t e r a c t i o n .  Thus t h e 6^= i t  1 s e l e c t i o n  
r u l e  e x p r e s s e s  a t r e n d  but  not  a f i x e d  law in e l e c t r o n  e x c i t a t i o n .
From t h i s  one would expec t  t h e  P s t a t e s  t o  be p o p u l a t e d  more de n s e l y  
t h a n  S or  0 s t a t e s  by impact .  The a p p l i c a t i o n  o f  B o h r ' s  c o r r e s ponde nc e  
p r i n c i p l e  i m p l i e s  t h a t  t h e  s t a t e  d e n s i t y  d i s t r i b u t i o n  w i l l  fan out  over  
l a r g e  l v a l u e s  a s  t h e  energy  l e v e l s  approach  t h e  cont inuum,  however .
With t h i s  background i t  w i l l  be p o s s i b l e  t o  proceed t o  t h e  a c t u a l  
expe r i men t  and i t s  i n t e r p r e t a t i o n .
CHAPTER I I 
EXPERIMENTAL APPARATUS
Des i qn Cons i d e r a t  Ions
Dur ing t h e  e a r l y  l i t e r a t u r e  s e a r c h  t he  a u t h o r  became aware 
of  t h e  need f o r  d i r e c t  d e t e r m i n a t i o n  of  t h e  t r u e  r e l a x a t i o n  c u r v e s .
At t h e  same t ime i t  became obvious  t h a t  a c om p l e t e l y  new t ype  of  r e ­
s e a r c h  a p p a r a t u s  would be needed in o r d e r  t o  acc ompl i sh  t h i s .
The expe r i me n t a l  a p p a r a t u s  e n v i s i o n e d  by t h e  a u t h o r  employed 
t h e  most  d i r e c t  method p o s s i b l e .  I t  would r e q u i r e  an e x c i t a t i o n  
s o u r c e  which cou l d  be c u t  o f f  very  q u i c k l y  compared w i t h  t h e  r e l a x ­
a t i o n  t ime of  t h e  a tomic s t a t e  be ing o bs e r v e d ,  a means of  d e t e c t i n g  
t h e  s t a t e  d e n s i t y ,  and some means of  r e c o r d i n g  t h e  d e n s i t y - t i m e  
in formât  ion .
To o b t a i n  some idea o f  t h e  r e q u i r e m e n t s  on t h e  a p p a r a t u s  a 
s e a r c h  t h r ou g h  L a n d o l t - B o r n s t e i n ^ ^  showed t h a t  t h e o r y  p r e d i c t e d  many 
a t omic  s t a t e s  wi t h  10“ ® sec  and longe r  n a t u r a l  l i f e t i m e s .  Hel ium 
had s e v e r a l  s t a t e s  in t h i s  c a t e g o r y  which were a l s o  in t h e  v i s i b l e  
r ange  of  p h o t o m u l t i p l i e r s .  T h i s  a l ong  w i t h  t h e  knowledge of  e x c i t a t i o n  
c r o s s  s e c t i o n s  and o t h e r  p e r t i n e n t  i n f o r ma t i o n  on he l ium led t o  t he
23 Op. C i t . 15.  261-264  f o r  Hel ium.
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s e l e c t i o n  of  i t  as  t he  gas to  be used in t he  f e a s i o i  : t y  s t u d y .  I t  
was a l s o  t o  be t h e  f i r s t  gas  s t u d i e d  but  t h e  des i gn  of  t h e  a p p a r a t u s  
was t o  be l e f t  as  f l e x i b l e  as  p o s s i b l e  for  t h e  s tudy  of  as  many gases  
as  would be c o m p a t i b l e  w i t h  t h e  e x c i t a t i o n  t u b e .
The sec  l i f e t i m e s  t o  be obse rved  d i c t a t e d  an approx imate
t ime r e s o l u t i o n  of  10“ ^ s e c o n d s .  S i nc e  t h e  s h o r t e r  l i f e t i m e s  can be 
o b t a i n e d  by l i n e  p r o f i l e  s t u d i e s  i t  was f e l t  t h a t  fh. is r e s o l u t i o n  t ime 
would make t h e  long l i ved  s t a t e s  e l e c t r o n i c a l l y  a c c e s s i b l e  wh i t e  t he  
s h o r t  l i v e d  s t a t e s  would be a c c e s s i b l e  t o  o p t i c a l  means w i t h  t he  hope 
of  enough o v e r l a p  in a c c e s s i b i l i t y  t o  make a c o n s i s t e n c y  check between 
t h e  two methods .
The work of  R. F.  P o s t ^ ^  on p u l s ed  p h o t o m u l t i p l i e r s  i n d i c a t e d  
t h a t  t h e  931A o p e r a t e d  a t  a round 4000 v o l t s  f o r  2yt*-sec could  produce 
a l a r g e  enough anode cha rge  b u r s t  from a s i n g l e  ca t hode  e l e c t r o n  to  
be d i s p l a y e d  and photographed  on an o s c i l l o s c o p e .  The b u r s t  h a l f  wid th  
was a p p r o x i m a t e l y  0 . 5  x 10“ ^ s e c .  Thi s  one a r t i c l e  i n d i c a t e d  t h a t  both 
p h o t o m u l t i p l i e r  and o s c i l l o s c o p e  t ime r e s o l u t i o n  used in expe r i men t a l  
work a t  t h a t  t ime would j u s t  f a i l  w i t h i n  t h e  s p e c i f i e d  sec  t ime
r e s o l u t i o n  r e q u i r e m e n t .
With t h i s  in mind an e x c i t a t i o n  s o u r c e  wi t h  a 10“ ^ sec  c u t o f f
t ime was needed.  Only two modes of  e f f i c i e n t  e x c i t a t i o n  wi t h  t h i s
c u t o f f  t i me  appea red  t o  be e l e c t r o n  bombardment and p h o t o e x c i t a t i o n
employing Kerr  s h u t t e r s  f o r  c u t o f f .  S i nc e  p h o t o e x c i t a t i o n  is only
a p p l i c a b l e  t o  r es onance  r a d i a t i o n  the  use  of  e l e c t r o n  impact e x c i t a t i o n  
cou l d  lend more f l e x i b i l i t y  t o  a sys t em employing t h i s  mode of
Çi_t. 16.
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e x c i t a t i o n .  U n f o r t u n a t e l y  t he  f l i g h t  t i me  of  100 ev.  e l e c t r o n s  through 
one c e n t i m e t e r  of  gas is of  t h e  o r d e r  of  3 n - s e c  (nanosecond o r  10-9 
s e c )  and t he  l i g h t  i n t e n s i t y  r e q u i r e d  t o  g i ve  good s t a t i s t i c s  on t he  
o s c i l l o s c o p e  d i s p l a y  would not  a l l ow t h e  use of  much s m a l l e r  d i mens i ons .  
Thus ,  i f  one employs t he  u l t i m a t e  in modern e l e c t r o n i c  t e c h n i q u e s  t he  
e l e c t r o n  f l i g h t  t ime d i c t a t e s  t he  l i m i t  in t ime r e s o l u t i o n  t h a t  may be 
a t t a i n e d .  With t h e  d e c i s i o n  t o  use e l e c t r o n  impact  e x c i t a t i o n  a source  
had t o  be d e s i g n e d .  F e a s i b i l i t y  s t u d i e s  showed t h a t  t h e r e  was a r e a s o n ­
a b l e  chance of  o b t a i n i n g  u s a b l e  d a t a  i f  around 5 amperes  of  c u r r e n t  
c ou l d  be produced in t he  e x c i t a t i o n  zone .
Ear  I y DeveIopment
Once t h e  genera l  scheme f o r  i n s t r u m e n t a t i o n  was s e t t l e d  t h e  
work c o n c e n t r a t e d  on t he  o s c i l l o s c o p e  d e s i g n .  T h i s  d e c i s i o n  was 
governed by a need f o r  a f a s t  o s c i l l o s c o p e  and f o r  t h e  development  
of  o t h e r  f a s t  e l e c t r o n i c  c i r c u i t s .  By t h e  t ime an i n f l e x i b l e  but  
f a s t  o s c i l l o s c o p e  was deve l oped  and a c o m p l i c a t e d  p h o t o g r a p h i c  t e c h ­
n i que  f o r  r e c o r d i n g  t r a c e s  was de v i se d  a much more f l e x i b l e  and more 
s e n s i t i v e  i n s t r umen t  was a v a i l a b l e  on t h e  marke t  w i t h  e s s e n t i a l l y  t he  
same r i s e - t i m e  c h a r a c t e r i s t i c .  I t  i s  t h e  T e k t r o n i x  519 employing a 
10 v/cm and .3 n - s e c  r i s e - t i m e  t r a v e l i n g  wave c a t ho d e  r ay  t u b e .  I t  
was purchased  and used in t a k i n g  some o f  t h e  d a t a  on a l i g n m e n t .  Thi s  
was not  t he  on I y change in p l a n s  which evo l ved  over  t h e  y e a r s  as  w i l l  
be s e e n .
The combined r e q u i r e m e n t s  of  5 amperes  and f a s t  c u t o f f  g r i d
a c t i o n  in t h e  e x c i t a t i o n  t u b e  seemed t o  r e q u i r e  a c o a x i a l  c o n s t r u c t i o n
w i t h  a l a rge  e x t e r n a l  c a t h o d e .  The c a t hode  was t o  emi t  e l e c t r o n s  
inward i n t o  an e x c i t a t i o n  zone t o  be obse rved  from t h e  end of  t h e
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c y l i n d e r .  The s i z e  of  t h e  ca t hode  c a p a b l e  of  p r o d u c i n g  t he  high 
emi s s i on  c u r r e n t  seemed t o  need around 500 w a t t s  h e a t e r  power t o  
make up f o r  r a d i a t i o n  l o s s e s  and the rmal  c o n d u c t i o n  a t  wa t e r  cooled  
s u p p o r t s .  A g r e a t  deal  of  t ime was s pen t  b u i l d i n g  t h e  e l emen t s  of  a 
p r o t o t y p e  e x c i t a t i o n  t ub e  having on ly  a few v o l t s  on t h e  h e a t e r  t o  
avo i d  a r c - o v e r  t o  o t h e r  t ub e  e l e m e n t s .  The e n t i r e  d e s i g n  had t o  be 
abandoned when t h e  s p e c i a l  o r d e r  kovar  g l a s s  was d e p l e t e d  b e f o r e  a 
workab le  t u b e  cou l d  be b u i l t .  At t h a t  t ime Dr .  P.  F .  L i t t l e ,  v i s i t ­
ing p r o f e s s o r  from Oxford U n i v e r s i t y ,  s u gg e s t e d  t h a t  t h e  e x t e r n a l  ca thode  
a l l owed  t h e  use  of  an i n d u c t i o n  h e a t e r .  Thi s  e l i m i n a t e d  many g l a s s  to  
meta l  s e a l s  and s i m p l i f i e d  t h e  t u b e  d e s ig n  immeasurably .  A 1 . 0  k i l o w a t t  
Ther -Monic  i n d u c t i o n  H e a t e r  was pu r c ha s e d  and a f t e r  some a d a p t a t i o n  
was found t o  work q u i t e  s a t i s f a c t o r i l y  as  a c a t ho d e  h e a t e r .
Ano t he r  c o n s i d e r a t i o n  was t h e  e x c i t a t i o n  t u b e  s t e p  f u n c t i o n  
b i a s  s i g n a l  g e n e r a t o r .  The e x c i t a t i o n  s o u r ce  needed t o  be c u t  o f f  in 
a p p r o x i m a t e l y  10“ ^ seconds  i f  i t  was no t  t o  a f f e c t  t h e  t ime r e s o l u t i o n  
o f  t h e  s y s t em.  I t  was dec i ded  t h a t  a c o a x i a l  l i n e  f e e d i n g  t h e  c y l i n d r i ­
ca l  g r i d  sy s t em of  t h e  e x c i t a t i o n  t u b e  would be needed in o r d e r  t o  be 
c e r t a i n  of  t h e  s i g n a l  r i s e - t i m e  i n s i d e  t h e  g l a s s  e n ve l o p e .  The geometry 
o f  t h e  e x c i t a t i o n  zone and h igh c u r r e n t  ca t hode  s e t  t h e  c h a r a c t e r i s t i c  
impedance of  t h e  g r i d  s t r u c t u r e  a t  19 ohms. S i n c e  r e f l e c t i o n s  were t o  
be kept  a t  a minimum t h e  e x t e r n a l  b i a s  s o u r ce  g e n e r a t o r  had t o  have an 
impedance of  n e a r l y  t h e  same v a l u e .  T h i s  low impedance,  10“ ^ sec  r i s e ­
t i m e ,  and 100-v b i a s  s i g n a l  r eq u i r eme n t  seemed t o  a l l o w  but  one cho i ce  
o f  b i a s  s i g n a l  s w i t c h , ^5 t h e  c o a x i a l  r e l a y  employing metal  t o  metal
2 5 | , d . Lewis and F .  H. W e l l s ,  M i l l i m i c r o s e c o n d  P u l s e  
T e c h n i q ue s ,  p .  102,  (McGraw-Hi l l ,  1954) .
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c o n t a c t s  wi t h  i t s  i n h e r e n t  j i t t e r  and s low o p e r a t i o n . ^
A vacuum enc l os e d  c o a x i a l  mechan ica l  r e i a y  was f i n a l l y  b u i l t  
wh ich ,  w i t h  a p p r o p r i a t e  e l e c t r o n i c  t i m i n g  c i r c u i t s ,  cou l d  be s ynchr o ­
n i z e d  t o  h i t  w i t h i n  a 2 / / - s e c  t ime i n t e r v a l  about  50^  of  t he  t i me .
Thi s  t i me  i n t e r v a l  was d i c t a t e d  by t h e  2 yv - s e c  on - t i me  of  t h e  pu l s ed  
p h o t o m u l t i p l i e r  which was t o  obse rve  t h e  decay of  l i g h t .  The co a x i a l  
r e l a y  d id  not  give  c o n s i s t e n t  r i s e - t i m e  s i g n a l s  on each c l o s u r e ,  so a 
t h y r a t r o n  b i a s  c i r c u i t  was d ev i s ed  hav i ng  a 5 / / . - s e c  r i s e - t i m e  f o r  t he  
pu rpose  of  equipment  a l i g n m e n t .  S i n ce  t h i s  loss  in t i me  r e s o l u t i o n  was 
l e s s  t h a n  t h e  t r u e  c u t  o f f  t ime of  t h e  plasma f i l l e d  e x c i t a t i o n  tube 
i t  d i d  not  a f f e c t  t h e  t i me  r e s o l u t i o n  of  t h e  p r e s e n t  des i gn  and t h i s  
new s l o we r  r i s i n g  but  c o n s i s t e n t l y  o p e r a t i n g  b i a s  s t e p  g e n e r a t o r  was 
t h e r e f o r e  used f o r  t h e  c u t o f f  s w i t c h  in t he  f i n a l  s y s t em.  The use of  
t h i s  c i r c u i t  a l s o  r educed  t h e  number of  t i mi n g  c i r c u i t  e l ement s  con­
s i d e r a b l y ,  a p o i n t  g r e a t  I y a p p r e c i a t e d  in any r e s e a r c h  work.
The d e t a i l s  of  t h e  equipment  d es ig n e d  fo r  t h i s  sys t em w i l l  
now be g i v e n .  The e l e c t r o n i c  c i r c u i t r y  w i l l  be d i s c u s s e d  in a s e p a r a t e  
c h a p t e r ,  however .
2 ^ h e  T e k t r o n i x  519 has a g a t e  g e n e r a t o r  c a p a b l e  of  .5 n - s ec  
r i s e - t i m e  employing an a v a l a n ch e  t r a n s i s t o r .  T h i s  p o s s i b i l i t y  seems 
wor thy  of  c a r e f u l  c o n s i d e r a t i o n  f o r  f u t u r e  deve l opment .  U n f o r t u n a t e l y  
t o  t h e  a u t h o r ' s  knowledge on ly  low v o l t a g e  p u l s e s  of  t he  o r d e r  of  20V 
have been produced w i t h  t h i s  t e c h n i q u e  w h i l e  about  4  t i mes  t h a t  amount 
is  r e q u i r e d  in our  p r e s e n t  equ i pment .  S e r i e s  o p e r a t i o n  might  wel l  be 
p o s s i b l e  wi t h  a va l anc he  t r a n s i s t o r s  but  t h e  f i n d i n g  of  t r a n s i s t o r s  
which w i l l  g i ve  .5 n - s e c  a v a l a n c h es  is  ext reme I y u n p r e d i c t a b l e  a t  t h i s  
t i m e .  F u r t h e r  s e a r c h  i n t o  t h i s  was pu t  o f f  f o r  f u t u r e  s t u d y .
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The E x c i t â t  ion Tube
P r i n c i p l e s  of  C o n s t r u c t i o n
S i nc e  t h e  e x c i t a t i o n  t ube  c o n s t i t u t e s  t h e  h e a r t  of  t h e  e x p e r i ­
mental  a p p a r a t u s  and i s  who l l y  o r i g i n a l  w i t h  t h i s  exper i ment  i t  might  
prove  u s e f u l  t o  d i s c u s s  t h e  d e s i g n ,  c o n s t r u c t i o n ,  and t h e o r y  of  
o p e r a t i o n  in more d e t a i l  t ha n  was f e l t  n e c e s s a r y  w i t h  o t h e r  e l emen t s  
of  t h e  i n s t r u m e n t a t i o n .
As was p o in t e d  out  in t h e  p r e v i o u s  c h a p t e r ,  t h e  demand f o r  
enough l i g h t  f l u x  t o  produce  a r e l a t i v e l y  smooth r e l a x a t i o n  cu r ve  in­
s t e a d  of  s t a t i s t i c a l  n o i s e ,  has f o r ced  t h i s  s t u d y  i n t o  t h e  use  o f  a 
h igh  c u r r e n t  and optimum o p t i c a l  geomet ry .  The geometry i s  made c l e a r  
in F i g u r e  2 .  The d e s i g n  and c o n s t r u c t i o n  of  t h e  e x c i t a t i o n  t u b e  a r e  
now given in some d e t a i l .
The c a t hode  e l e c t r o d e  was machined from manganese f r e e  e l e c t r o -  
l y l i c  n i c k e l  ba r  s t o c k ,  and was o u t - g a s s e d  f o r  s e v e r a l  days  a t  b r i g h t  
r ed  hea t  w i t h  c o n t i n u ou s  pumping.  There  was an a p p a r e n t  d i f f u s i o n  
of  gas mo l e c u l e s  e n t r a i n e d  in t h e  metal  which e v e n t u a l l y  were exhaus t e d  
t o  a s u f f i c i e n t  e x t e n t  t o  p roduce  no o b j e c t i o n a b l e  c o n t a m i n a t i o n  of  
t h e  gas under  s t u d y .  A f t e r  o u t g a s s i n g ,  t h e  n i c k e l  meta l  was c o o l ed ;  
t hen  t h e  enve l ope  was opened so t h e  c a t ho d e  coul d  be f i t t e d  w i t h  
s h u t t e r s ,  p a i n t e d ,  and mounted in t he  e x c i t a t i o n  t u b e .  The c a t hode  
d id  not  a bs o r b  gas s e s  i n t o  i t s  s t r u c t u r e  t o  any g r e a t  e x t e n t  a t  room 
t e m p e r a t u r e  and q u i c k l y  o u t g a s s e d  when as sembl ed  i n t o  t h e  f i n a l  t ube  
a g a i n .
In o r d e r  t o  avo i d  a p p r e c i a b l e  d a r k e n i n g  of  t h e  window a t  t he  
end of  t h e  e x c i t a t i o n  chamber  d u r i n g  t h e  a c t i v a t i o n  p r o c e s s  i t  was
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found n e c e s s a r y  t o  employ t a n t a l u m  s h u t t e r s .  The use  of  t u n g s t e n ,  
molybdenum and s t a i n l e s s  s t e e l  were t r i e d .  The b r i t t l e n e s s  I f  t ung ­
s t e n  made i t  ve ry  hard t o  handl e  a f t e r  being h e a t e d .  Molybdenum 
t e nde d  t o  darken  t h e  window as  badl y  as  t h e  ca t hode  vapor s  (bu t  w i t h  
a d i f f e r e n t  c o l o r ) .  S t a i n l e s s  s t e e l  a l s o  darkened t h e  window but  
has t h e  a d d i t i o n a l  p r o p e r t y  of  m e l t i n g  down over  t h e  g r i d  s t r u c t u r e  
making i t  d i f f i c u l t  t o  m a i n t a i n  an open c i r c u i t  between g r i d s  and 
o t h e r  e l e m e n t s ,  a c o n d i t i o n  found d e t r i m e n t a l  t o  p r o p e r  o p e r a t i o n  
( i n  t h e  e x t r e m e ) .
Al though  t a n t a l u m  became s l i g h t l y  b r i t t l e  when hea t ed  i t  did 
not  s h a t t e r  as  t u n g s t e n  d id  and i t  showed no a p p r e c i a b l e  e v a p o r a t i o n  
when h e a t e d .  In o r de r  t o  open t h e s e  s h u t t e r s  a f t e r  ca t hode  a c t i v a t i o n  
was completed n i c k e l  magne t i c  p u l l s  were spo t  welded t o  t he  u nde r ­
s i d e  of  t h e  s h u t t e r s .  Thus t he y  cou l d  be ma n i p u l a t ed  w i t h  an e x t e r n a l  
magne t .  A t a n t a l u m  i r i s  d iaphragm was a l s o  s p o t  welded t o  t h e  t op  
of  t h e  ca t hode  t o  r educe  t h e  d e p o s i t i o n  of  n i c k e l  vapor  from t h e  ca t hode  
on t o  t h e  window.  T h i s  i r i s  a l s o  s e r ve d  t o  c o l l i m a t e  t h e  l i g h t  from 
t h e  e x c i t a t i o n  zone .
In o r d e r  t o  p r e p a r e  t h e  ca t hode  f o r  t he  bar ium compound i t  
was e t ched  in n i t r i c  a c i d ,  c a r e f u l l y  washed in d i s t i l l e d  w a t e r  and 
d r i e d  w i t h  c l e a n  a c e t o n e .  A f t e r  d r y i n g  t he  i n ne r  s u r f a c e  was p a i n t e d  
w i t h  one t h i n  c o a t  of  bar ium compound.  Before  a p p l i c a t i o n  t h i s  p a i n t  
had been tumbled u n t i l  t h o r o u g h l y  mixed.  The p a i n t  s u r v i v e d  long 
p e r i o d s  of  c o n t a c t  w i t h  a i r  p r i o r  t o  a c t i v a t i o n ,  but  no rmal l y  t h e  
c a t ho d e  was not  p a i n t e d  u n t i l  o t h e r  e l ement s  of  t h e  t u b e  were p r e p a r e d .
The f i r s t  g r i d s  were made of  n i c ke l  mesh but  a f t e r  t h e  f i r s t  
t ub e  was opened t h e  g r i d s  crumbled as  though t h e  g ase s  given o f f  in
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c a t ho d e  a c t i v a t i o n  had r e a c t e d  wi t h  them c o n v e r t i n g  them t o  nonme t a l i c  
compounds.  The next  g r i d s  were made of  p l a t i n u m mesh .004  inch d i a ­
m e t e r  wi r e  w i t h  52 w i r e s  t o  t h e  l i n e a r  inch .  They were formed over  
aluminum mandre l s  and s po t  welded t o  t h e  c o a x i a l l y  mounted kovar  metal  
t u b e s .  S pe c i a l  c a r e  was t a k e n  t o  p r e s e r v e  t he  d i a m e t e r s  of  t he  co­
a x i a l  s u r f a c e s  c a r r y i n g  t h e  g r i d  s i g n a l  i n t o  t h e  t u b e .
Al though kovar  and k o v a r - s e a l i n g - g l a s s  were used in c o n s t r u c t i o n  
of  t h e  c o a x i a l  sys t em i t  was i mposs i b l e  t o  i n s pe c t  some of  t h e  i n t e r i o r  
g l a s s  s e a l s .  When t he y  were found t o  l eak  a c o a t i n g  o f  epoxy or  g l y p t a l  
p roduced t he  d e s i r e d  vacuum. L a t e r  ve ry  s low leaks  deve l oped  due t o  
c r a c k i n g  of  t h e s e  m a t e r i a l s .  The a p p l i c a t i o n  of  a s i l i c o n e  grease 
c o a t i n g  produced a s e l f  h e a l i n g  s ea l  over  t h e s e  m i c r o s c o p i c  c r a c k s .
Before  t he  f i n a l  model of  t h e  i n d u c t i o n  h e a t ed  e x c i t a t i o n  t ube  
was b u i l t  i t  was found t h a t  w a t e r  c o o l i n g  would be n e c e s s a r y  t o  avoi d  
c o s t l y  r e p a i r s  in t h e  c r ac ked  g l a s s .  Thus t he  f i n a l  de s i gn  i n c o r p o r a t e d  
a kovar  wa t e r  j a c k e t  s u r r o u n d i n g  t h e  o u t e r  c o n d uc t o r  of  t h e  c o a x i a l  
g r i d  l e a d s .  The wa t e r  t u b e s  were cemented in p l a c e  w i t h  epoxy and 
a s b e s t o s .  The a s b e s t o s  p r ov i de d  t h e  body t o  p r even t  t h e  epoxy from 
r un n i n g  in t o  t h e  wa t e r  j a c k e t  ( t h e  t ube  was i n v e r t e d  du r in g  t h e  con­
s t r u c t i o n  o p e r a t i o n ) .
S i nce  t h e  r i s e - t i m e  on t h e  e x c i t a t i o n  s o u r ce  was not  c r i t i c a l  
a s i m p l e  e x t e r n a l  ca t hode  lead was employed.
In t h e  f i n a l  a s sembly  of  t h e  e x c i t a t i o n  tube  ceramic  t u b e s  
were used as  g r i d  s p a c e r s .  A wi r e  was run  th r ough  t h e  cermic  t u b e s  
and s po t  welded a t  each end in o r d e r  t o  mount them.  S i nc e  t h e  g r i d  
t o  g r i d  s p ac i n g  was not  so c l o s e ,  only  end s p a c e r s  were r e q u i r e d .
The mass ive  c a t hode  had t o  be mounted r i g i d l y  t o  t he  wa t e r
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j a c k e t  but  e l e c t r i c a l l y  i n s u l t e d  from i t .  To accompl i sh  t h i s ,  ceramic  
t u b e s  were s a l v a g e d  from t e l e v i s i o n  p i c t u r e  t ube  e l e c t r o n  guns .  These 
ce ramic  t u b e s  were a l r e a d y  f i t t e d  w i t h  t i g h t  f i t t i n g  meta l  s l e e v e s  
which cou l d  be spot  welded t o  t h e  w a t e r  j a c k e t .  Then t u n g s t e n  i n s e r t s  
were e t ched  in sodium n i t r i t e  u n t i l  t h e y  f i t  i n t o  t h e  ce r amic  s l e e v e s .  
A f t e r  i n s e r t i o n  in t o  t h e  ce ramic  s o c k e t s  t h e s e  t u n g s t e n  rods  were spo t  
welded t o  t h e  n i c k e l  c a t hode  employing metal  s t r a p s  cu t  from t h e  
t e l e v i s i o n  t ube  e l em e n t s .  A band of  kovar  g l a s s  w i t h  metal  t a b s  in i t  
was used t o  anchor  t h e  c a t ho d e  s e c u r e l y  in t h i s  s l i p - f i t  moun t i ng .  To 
a c c ompl i sh  t h i s ,  n i c ke l  w i r e s  were s p o t  welded t o  t h e  c a t ho d e  and t o  
t h e s e  t a b s .
The g l a s s  enve l ope  which had been s e a l e d ,  checked f o r  l e a k s ,  
and c r ac ked  open to  a l l ow t h e  compl e t i on  of  t he  t ube  i n t e r i o r  was now 
r eady  t o  r e s e a l .  A s p e c i a l  p r e c a u t i o n  was needed in r e s e a l i n g  t h e  
comple ted  t u b e .  I t  was t h e  use of  w a t e r  c o o l i n g  d u r in g  t h e  f i n a l  s e a l .  
The a u t h o r  r e s e a l e d  t h e  o r i g i n a l  enve l ope  t h r e e  t i mes  s u c c e s s f u l l y  
but  n i ne  months l a t e r  when t h e  ca t hode  was r u i n e d  by a vacuum sys t em 
breakdown t he  t ube  was c o m p l e t e l y  demol i shed  because  t h e  c o o l i n g  wa t e r  
was not  used d u r i n g  t h e  r e s e a l i n g  p r o c e s s .
The a c t i v a t i o n  p r o c e s s  was not  a lways  c a r r i e d  out  a c c o r d i n g  t o  
a f i x e d  s c h e d u l e ,  but  i t  no rmal l y  c o n s i s t e d  of  a s low baki ng  out  f o r  
s e v e r a l  hours  fo l l owed by ca t hode  p u l s i n g  d u r i n g  a b r i e f  p e r i o d  of  
i n t e n s e  h e a t i n g  a t  fui  I power from t h e  i n d u c t i o n  h e a t e r .  When t he  
a c t i v a t i o n  t e m p e r a t u r e  was r eached  t h e  c a t hode  e m i t t e d  f u l l  va l ue  very 
q u i c k l y  w i t h  about  4  amperes  i n i t i a l  e m i s s i o n .  A f t e r  a p p r o x i m a t e l y  
a day of  c o n t i n u o us  p u l s i n g  t h e  c u r r e n t  s t a b i l i z e d  a t  a p p r o x i m a t e l y  
2 amperes  t o t a l  ca t hode  e m i s s i o n .  Over t he  months of  o p e r a t i o n ,  
o c c a s i o n a l l y  t h e  l i q u i d  a i r  t r a p  would warm up and t h e  c a t hode  would
43
be p o i s on ed .  In each ca s e  an ex t ended  p e r i o d  of  r e a c t i v a t i o n  of  two 
or  more hours  of  p u l s i n g  a t  h i gh  t e m p e r a t u r e s  r e s t o r e d  t h e  c a t h o de  t o  
a p p r o x i ma t e l y  90^ of  i t s  p r e v i o u s  emi s s i on  c u r r e n t .  When t h e  vacuum 
sys t em was opened t o  t he  a i r ,  however ,  t h e  c a t hode  cou l d  no t  be r e s t o r e d  
even a f t e r  p u l s i n g  a l l  n i g h t  a t  e l e v a t e d  t e m p e r a t u r e s .
Theory of  O p e r a t i o n  o f  t h e  E x c i t a t i o n  Tube
Bef or e  d i s c u s s i n g  t h e  o p e r a t i o n  o f  t h e  e x c i t a t i o n  t u b e  i t  might  
prove  u s e f u l  t o  t a b u l a t e  b a s i c  g e o me t r i c a l  and e l e c t r i c a l  p r o p e r t i e s  
o f  t h e  t ube  a l on g  wi t h  some p h y s i ca l  p r o p e r t i e s  o f  he l i um u nde r  t h e  
o p e r a t i n g  c o n d i t i o n s .  These  v a l u e s  w i l l  hold t o  s l i d e  r u l e  a c c u r ac y  
w i t h i n  t h e  l i m i t s  of  t h e  a s s umpt i ons  used in d e r i v i n g  them w h i l e  t h e  
a s s umpt i ons  mi ght  be in e r r o r  by 5^  or  10^ in some c a s e s .  F o r  example 
t h e  ca t hode  t e m p e r a t u r e  cannot  be measured a c c u r a t e l y  s i n c e  any g l a s s  
v iewing window f a c i ng  t he  c a t hode  has been darkened  by meta l  vapor s  
from t h e  c a t h o d e .  Ano t he r  example is  t h e  use  o f  mere g e o m e t r i c a l  
o p a c i t y  of  t h e  g r i d  s t r u c t u r e  t o  compute t h e  f r a c t i o n  of  e l e c t r o n s  
which succeed  in e n t e r i n g  t h e  e x c i t a t i o n  zone .  These  f i g u r e s  would 
be a c c u r a t e  so  long as t h e  ca t hode  t o  g r i d  f a l l  s pa c e  is  much l a r g e r  
t h a n  t h e  g r i d  w i r e  s p a c i n g .  At h igh  c u r r e n t ,  however ,  t h e  v i r t u a l  c a t hode  
might  be moved t o  a p o s i t i o n  q u i t e  n e a r  t h e  g r i d  i n v a l i d a t i n g  t h i s  
c r i t e r i o n  a l t o g e t h e r .  The f i g u r e s  a r e  i n t ended  on l y  t o  convey an impres­
s i o n  as  t o  how t h e  t ube  f u n c t i o n s  w i t h o u t  be i ng  a c c u r a t e  enough f o r  
d e t a i l e d  c o m p u t a t i on .
Geomet r i ca l  C o n s t a n t s  
L =  l eng t h  o f  c a t hode  = 5  cm
Dg =  d i a me t e r  o f  ca t hode  =  2 cm
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p
A(. =  a r e a  of  c a t hode  =  3 1 . 4  cm^
Oi =  d i a me t e r  of  g r i d  1 =  1 . 76  cm
Û2 =  d i a me t e r  of  g r i d  2 =  1 . 27  cm
^2 =  a r ea  of  g r i d  2 = 2 0  cm^
P er ce n t  geome t r i c a l  opening in g r i d s  mesh 67# 
based on . 004"  w i r e s  a t  1 / 5 2 "  s p a c i n g .
P e r c e n t  g e o me t r i c a l  opening  f o r  both g r i d s  45#
E l e c t r i c  and Atomic P a r a m e t e r s  
l [  =  ca t hode  c u r r e n t  =  2 amperes
I2 =  inward component  of  c u r r e n t  a t  g r i d  2 =  I g 45#  =  . 9
amperes
’ ex ~  t o t a l  impact  c u r r e n t  =  2 { . 9 )  =  1 . 8  amperes
t h i s  i s  because  a l l  e l e c t r o n s  e n t e r i n g  must a l s o
leave t h e  c e n t r a l  zone hence t h e y  have a p o s s i b i l i t y  
o f  impact  on both  r a d i a l l y  inward and r a d i a l l y  o u t ­
ward p a t h s .
Nq =  atom d e n s i t y  a t  I t o r r  273*K =  3 5 . 6  x 10^ a t om/cc
Vg =  e l e c t r o n  v e l o c i t y  f o r  lOOg^ e l e c t r o n s  = 4 . 1 9  x 10®cm/sec
T =  f l i g h t  t i me  f o r  e l e c t r o n  D2/Vg = 3 . 0 4  n - s e c  100 v o l t  e l e c t r o n
4 , 3  n - s e c  50 v o l t  e l e  c t r o n  
6 . 0 8  n - s e c  25 v o l t  e l e c t r o n
VI =  ion v e l o c i t y  a t  lOOgv =  4 . 1 9 ( 1 / 4 ( 1 8 3 6 ) ^  =  5 x 10^ cm/sec
Vq =  mean the rmal  v e l o c i t y  1100"K =  2 . 4x10^  cm/sec
=  I o n i z a t i o n  e f f i c i e n c y  a t  lOOv f o r  he l ium and 1 T o r r  =
1 , 2 4 5 / e  I ec t ron-cm
d I on 
dt
ions produced p e r  second a t  lOOv and 1 T o r r  =
ê  1 2 D 2 _  =  .8 8  X 10 l 9
e
f r a c t i o n  o f  atoms i on i ze d  in one mi c rosecond  -
in t h i s  ex p e r i me n t a l  a r r angement  F =  d l / d t_  x _10
No
-6
The p r o b a b i l i t y  o f  a s i n g l e  atom being i o n i z e d  in 1 sec  =
45
Bas ic  Data on t h e  Gas a t  O p e r a t i n g  Tempera t u re s  and P r e s s u r e s  
i s  g iven below.
T = nOO“K.
ImmHg ,13mmHg .092mmHg .057mmHg .04mmHg
^  00 
mean f r e e  
p a t h  f o r  
Hg atoms in 
i t s  own gas
.855mm 6.5mm 9.3mm 1 5 . mm 22.5cm mm
Ng 35.33x10^5 1.14x10^^ .81x10^5 .502x10^5 . 334x10 15
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The method of  o p e r a t i o n  of  t h e  e x c i t a t i o n  t ube  i s  as  f o l l ow s .
The ca t hode  i s  d r i v e n  n e g a t i v e l y  w i t h  r e s p e c t  t o  t h e  grounded space  
cha rge  g r i d .  The c a t ho d e  d r i v e - p u l s e  i s  a s q u a r e  wave 5yM-sec in dur ­
a t i o n  and 100 v o l t s  in a m p l i t u d e .  Th i s  p u l s e  d r i v e s  a p p r o x i m a t e l y  
two amperes o f  ca t hode  c u r r e n t  i n t o  t h e  g r i d  s ys t em.  Of t h i s  two 
amperes  only  4556 a c t u a l l y  ge t  t h r ough  t h e  g r i d  s t r u c t u r e  i n t o  t h e  
e x c i t a t i o n  zone .
The i n n e r  g r i d  runs  n e a r l y  20 v o l t s  n e g a t i v e  w i t h  r e s p e c t  to  
t h e  space  cha r ge  g r i d  because  of  t h e  IR drop c r e a t e d  by t h e  e l e c t r o n s  
i t  i n t e r c e p t s  from t h e  e x c i t a t i o n  beam. A f t e r  t h e  c a t hode  has  been 
t u r n e d  on f o r  s e v e r a l  t e n t h s  of  a mi c ros econd  t h e  plasma n e c e s s a r y  fo r  
t h e  o p e r a t i o n  of  t h e  t u b e  i s  b u i l t  up in t h e  c e n t r a l  zone and t h e  
e l e c t r o n s  can then  p e n e t r a t e  t h e  e x c i t a t i o n  r e g i o n  and a c o n s t a n t  
e x c i t a t i o n  r a t e  f o l l o w s .  A model of  t h e  b u i l d  up of  t h i s  plasma c o n d i t i o n  
i s  as  f o l l o w s .  When t h e  c a t hode  i s  d r i v e n  n e g a t i v e l y ,  a p p r o x i m a t e l y  . 9  
amperes of  c u r r e n t  e n t e r  t h e  e x c i t a t i o n  r e g i o n .  But due t o  s pa c e  charge  
e f f e c t s  t h e s e  e l e c t r o n s  a r e  a t  f i r s t  t u r n e d  back i n t o  t h e  g r i d  sys t em 
b e f o r e  t h e y  p e n e t r a t e  t h e  empty space  even one m i l l i m e t e r .  The argument  
i s  c a r r i e d  out  in Appendix IV. Dur ing t h e  t ime t h e s e  e l e c t r o n s  make 
t h i s  smal l  p e n e t r a t i o n  t h e y  produce  some i o n i z a t i o n .  These  ions  p a r t i a l l y  
canc e l  t h e  s pace  charge  of  t h e  beam e l e c t r o n s  a l l o w i n g  t h e  nex t  e l e c t r o n s  
t o  p e n e t r a t e  more d e e p l y .  These  in t u r n  produce  ions  which a l l o w  s t i l l  
f u r t h e r  e l e c t r o n  p e n e t r a t i o n  i n t o  t h e  c e n t r a l  zone .  Th i s  may be thought  
of  as  a wave f r o n t  o f  i o n i z a t i o n  p r o g r e s s i n g  forward a t  a r a t e  depending 
upon how r a p i d l y  ions can be c r e a t e d .  The e l e c t r o n s  c r e a t i n g  t h e  f r o n t  
run up from behind t h e  f r o n t  c r e a t i n g  i ons  ahead of  i t  b e f o r e  t h e i r  
mot ion i s  r e v e r s e d  by t h e i r  own space  c h a r g e .  Thus t h e  p r o p a g a t i o n  of  
t h e  f r o n t  does not  r e q u i r e  mot ion o f  t h e  ions t he ms e l ve s  but  on ly  t h e i r
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a b i l i t y  t o  a l l o w  e l e c t r o n  p e n e t r a t i o n  more de e p l y  i n t o  t h i s  c e n t r a l  zone,
At t h e  low p r e s s u r e  end of  t h e  o p e r a t i n g  r ange  t h e  ions  a r e  
c r e a t e d  so i n f r e q u e n t l y  because  of  t h e  low n e u t r a l  p a r t i c l e  d e n s i t y  t h a t  
ion d i f f u s i o n  enhanced by t h e  e l e c t r o n  f i e l d  ahead of  t h e  f r o n t  may a i d  
in t h e  s low p r o p a g a t i o n  of  t h i s  wave t h r ou g h  t h e  view space  under  t h e s e  
c o n d i t i o n s .
Once t h e  e n t i r e  c e n t r a l  zone has enough ions  w i t h i n  i t  t o  
n e u t r a l i z e  t h e  space  cha r ge  e f f e c t s  of  t h e  beam e l e c t r o n s  a s t a t i c  
p o t e n t i a l  i s  b u i l t  up w i t h i n  t h e  p l a sma .  T h i s  s t a t i c  p o s i t i v e  p o t e n t i a l  
i s  J u s t  g r e a t  enough t o  t r a p  t h e  s low speed  e l e c t r o n s  produced by t he  
c o n t i n u i n g  ion c r e a t i o n  p r o c e s s e s  w i t h i n  t h e  p l a sma .
The e x c i t a t i o n  t ub e  l i g h t  o u t p u t  i s  e s s e n t i a l l y  p r o p o r t i o n a l  
t o  p r e s s u r e  in t h e  o p e r a t i n g  p r e s s u r e  r ange  o f  t h e  a p p a r a t u s .  At t he  
low p r e s s u r e  end of  t h e  r a nge  t h e  l i g h t  e n t e n s i t y  f a l l s  o f f  much more 
r a p i d l y  t h a n  l i n e a r l y  w i t h  p r e s s u r e .
There  i s  both e x p e r i m e n t a l  as  wel l  as  t h e o r e t i c a l  e v i d e n c e  t h a t  
t h i s  l os s  of  l i g h t  i n t e n s i t y  i s  due t o  t h e  i n a b i l i t y  of  t h e  c u r r e n t  t o  
b u i l d  up enough ion c o n c e n t r a t i o n  in t h e  l . S y U - s e c  e x c i t a t i o n  t i me  t o  
a l l o w  f u l l  p e n e t r a t i o n  of  t h e  beam c u r r e n t  i n t o  t h e  c e n t r a l  zone .  The 
ex p e r i me n t a l  ev i dence  is  t h a t  t h e  l i g h t  o u t p u t - v s - t i m e  c u r ve  s e e n  by 
t h e  p h o t o m u l t i p l i e r  i s  i n c r e a s i n g  w i t h  t i me  a t  t h e  low p r e s s u r e  end of  
t h e  o p e r a t i n g  r a n g e .  T h i s  i n d i c a t e s  t h a t  t h e  s t e a d y  s t a t e  c o n d i t i o n s  
have not  been met a t  t he  t i me  t h e  p h o t o m u l t i p l i e r  i s  t u r n e d  on.  Thi s  
l i g h t  i n t e n s i t y - v s - t i m e  graph  i s  f l a t  in t h e  upper  p r e s s u r e  r a n g e .
The t h e o r e t i c a l  c o n s i d e r a t i o n s  invo l ve  t h e  c a l c u l a t i o n  of  t h e  
number of  ions  c r e a t e d  w i t h i n  t h e  t i me  i n t e r v a l  o f  e x c i t a t i o n .  Because 
of  t h e  l ack o f  knowledge of  t h e  a c t u a l  b u i l d  up p a t t e r n  f o r  t h e  ion
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c l oud  only o r d e r  of  magn i tude  c a l c u l a t i o n s  can be made.  When t h e y  a r e  
c a r r i e d  o u t ,  however ,  t h e y  show t h a t  a t  t he  low p r e s s u r e  end t h e  number 
of  ions  c r e a t e d  is  e s s e n t i a l l y  t h e  same as  t h e  number of  e l e c t r o n s  
t h e y  must  n e u t r a l i z e .  J u s t i f y i n g  t h e  a s sumpt i on  t h a t  t he  low p r e s s u r e  
end of  t he  o p e r a t i n g  r ange  s hou l d  r e q u i r e  a l o n g e r  e x c i t a t i o n  t ime in 
o r d e r  t o  r e a c h  f u l l  l i g h t  i n t e n s i t y .
To summar ize,  t h e  s t e a d y  s t a t e  p i c t u r e  o f  t he  e x c i t a t i o n  zone 
i s  as  f o l l o w s :  There  a r e  s t i l l  f a r  more n e u t r a l  ground s t a t e  atoms than
any o t h e r  s p e c i e s  a t  t h e  end of  a mi c r os ec o n d .  (See page 44 f o r  t h i s  
c a l c u l a t i o n . )  Along w i t h  t h e s e  n e u t r a l  atoms i s  a r a d i a l  d i s t r i b u t i o n  
o f  lOOev beam e l e c t r o n s ,  a c l oud  of  ions  which i s  i n c r e a s i n g  in d e n s i t y ,  
and a c l oud  of  low ene r gy  e l e c t r o n s  whose d e n s i t y  a c c u r a t e l y  f o l l ows  
t h e  ion d e n s i t y .  Wi t h i n  t h i s  c e n t r a l  plasma zone t h e r e  can be no ex­
t e nded  e l e c t r i c  f i e l d  s i n c e  t h e  e l e c t r o n  c l oud  can q u i c k l y  a d j u s t  t o  
n e u t r a l i z e  any f i e l d  p r od u c i n g  c h a r g e .  There  must  be a r a d i a l  f i e l d  
ve ry  nea r  t h e  g r i d  which p r e v e n t s  t h e  escape  of  s low e l e c t r o n s ,  however .  
Thi s  r a d i a l  f i e l d  i s  s u p p l i e d  by an ion s h e a t h  a t  t h e  edge of  t h e  plasma 
which e s t a b l i s h e s  a m b i p o l a r  d i f f u s i o n  c o n d i t i o n s  f o r  t h e  e s c a p e  of  
charged  p a r t i c l e s  from t h e  c e n t r a l  zone .  S i n c e  t he rmal  v e l o c i t i e s  
( 2 . 4  X 10^ cm/sec)  w i l l  no t  a l l o w  much d i s p l a c e m e n t  of  t h e  ions  in 
1 .5y</-sec,  d i f f u s i o n  i s  n e g l e c t e d  in t h i s  d i s c u s s i o n .  I f  l o n g e r  e x c i t ­
a t i o n  t i mes  a r e  used a t  low p r e s s u r e s  t h e  t he rma l  d i f f u s i o n  o f  ions 
from t h e  c e n t r a l  zone w i l l  be an i mpor t an t  f a c t o r .
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Theory of  E l e c t r o n  Beam Cut  Off
The e x i s t a n c e  of  t h e  ions  which a r c  r e q u i r e d  f o r  t h e  n e u t r a l i z ­
a t i o n  of beam e l e c t r o n s  in t h e  c e n t r a l  zone c o m p l i c a t e s  t h e  c u t  o f f  
mechanism somewhat .  In o r d e r  t o  v i s u a l i z e  t h e  way in which t h i s  i s  
accompl i shed  one must  c o n s i d e r  t h e  c o n d i t i o n s  o u t s i d e  t h e  b i a s  g r i d  
j u s t  p r i o r  t o  c u t  o f f .
Remembering t h a t  t h e  c a t hode  t o  s p a c e - c h a r g e  g r i d  has  a h igh 
f i e l d  s t r e n g t h  t h e  ions  a r e  swept  out  a l mos t  as  f a s t  as  t h e y  a r e  
c r e a t e d  in t h i s  h igh  f i e l d  zone .  Th i s  means t h a t  a vacuum l i k e  p i c t u r e  
w i l l  s u f f i c e  in t h i s  ca t hode  t o  s p a c e - c h a r g e  g r i d  r e g i o n .  Between t h e  
s p a c e - c h a r g e  g r i d  and t he  cu t  o f f  g r i d  is  a zone which i s  abou t  2.5mm 
t h i c k  which i s  e s s e n t i a l l y  f i e l d  f r e e .  T h e r e f o r e  w i t h i n  t h i s  zone 
t h e  i o n i z a t i o n  r a t e  i s  e s s e n t i a l l y  t h e  same as  i t  i s  w i t h i n  t h e  f i e l d  
f r e e  e x c i t a t i o n  zone .  When t h e  b i a s  s i g n a l  i s  a p p l i e d  t o  t h e  i nne r  
g r i d  t h e s e  ions  must  be swept  out  b e f o r e  t h e  g r i d  can ga i n  f u l l  c o n t r o l .  
In t h e  o p e r a t i n g  p r e s s u r e  r ange  of  around . 03  t o  .06mm of  Hg t h i s  ion 
c l oud  does  not  seem t o  a f f e c t  t h e  c u t  o f f  t i me  f o r  t h e  e x c i t a t i o n  s o u r c e .
At h i g h e r  p r e s s u r e s  however  t h e r e  i s  a s l i g h t  d e l a y  b e f o r e  t h e  
t r i p l e t  e x c i t a t i o n  i s  cu t  o f f .  Th i s  is  not  so obvious  w i t h  t h e  s i n g l e t  
e x c i t a t i o n  however .  Th i s  i s  b e l i e v e d  t o  be due t o  i ncomple t e  c u t  o f f  
caused by ions  n e a r  t h e  cu t  o f f  g r i d .  The d i f f e r e n t  e f f e c t  on s i n g l e t  
and t r i p l e t  s t a t e s  under  i d e n t i c a l  ex p e r i me n t a l  c o n d i t i o n s  i s  b e l i e v e d  
t o  be due t o  t h e  d i f f e r e n c e  in t h e  e x c i t a t i o n  f u n c t i o n  f o r  t h e s e  two 
d i f f e r e n t  s t a t e s .  A s tudy  by C o r r i g a n  and von Enge l ^?  shows t h e  t r i p l e t
2?S.  J .  B. C o r r i g a n  and A. von Enge l ,  P r o c .  Phys .  Soc .  7 2 ,
786-790 (1958) .
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e x c i t a t i o n  c r o s s  s e c t i o n  as  having  a peak very n e a r  i t s  ons e t  p o t e n t i a l  
w h i l e  s i n g l e t  e x c i t a t i o n  r i s e s  r a t h e r  s l owl y  n e a r  t h e  onse t  p o t e n t i a l  
and peaks  a t  a much h i g h e r  e x c i t a t i o n  e ne r gy .  With t h i s  in mind one 
can imagine t h a t  a t  h igh  p r e s s u r e  t h e  p r e s en ce  of  ions n e a r  t h e  g r i d  
mesh does not  a l l o w  t h e  p o t e n t i a l  t o  drop t o  comple t e  c u t  o f f  but  r a t h e r  
a l l ow s  e l e c t r o n s  t o  pas s  w i t h  much lower k i n e t i c  energy  than  b e f o r e .
T h i s  then  d rops  t h e  s i n g l e t  e x c i t a t i o n  t o  a smal l  f r a c t i o n  of  i t s  former  
va l u e  wh i l e  i t  a c t u a l l y  enhances  t h e  t r i p l e t  e x c i t a t i o n .  Th i s  t h e n  
a c c o u n t s  f o r  an a c t u a l  r i s e  in l i g h t  o u t p u t  on t h e  h i gh  p r e s s u r e  t r i p l e t  
c u r v e s  wh i l e  an immediate f a l l  i s  observed  f o r  t h e  s i n g l e t  e x c i t a t i o n  
under  t he  same e x pe r i me n t a l  c o n d i t i o n s .  A c a r e f u l  s t u d y  of  t h e  de l ay  
between t h e  b i a s  s i g n a l  shown on t h e  bot tom of  each pho tograph  w i t h  
t h e  ons e t  of  t h e  l i g h t  s i g n a l  decay b ea r s  t h i s  o u t .  See f i g u r e s  15,  16, 
and 17 on pages  82 t o  84.
To r e a s s u r e  t h e  r e a d e r  t h a t  a change in expe r i me n t a l  c o n d i t i o n s  
was not  t h e  caus e  of  t h e  d i f f e r e n c e  between t h e  d e l ay  observed  on 
t r i p l e t  and t h e  s i n g l e t  c u r v e s  i t  i s  wel l  t o  p o i n t  out  t h a t  t h e  d a t a  
t a k e n  du r in g  a c o n s t a n t  p r e s s u r e  sequence  was t a ken  a c c o r d i n g  t o  
i n c r e a s i n g  o r  d e c r e a s i n g  wave l eng t h  of  t h e  l i g h t  be i ng  s t u d i e d .  Thi s  
r e s u l t e d  in t a k i n g  t h e  d a t a  f o r  both s i n g l e t  l i n e s  between t h e  d a t a
O
t a k e n  on t h e  5876A t r i p l e t  l i n e  and t he  o t h e r  t r i p l e t  l i n e s  be i ng  s t u d i e d .  
The r e  is  obvious  c o n s i s t e n c y  between t he  a p p a r en t  d e l a y  in c u t  o f f  shown
O
in t h e  5876A d a t a  and t h e  d e l a y  observed  on t h e  o t h e r  t r i p l e t  d a t a  cu rves  
a t  h igh  p r e s s u r e .  Appendix VI on e x pe r i men t a l  p r ocedu r e  p r o v i d e s  t h e  
r e a d e r  w i t h  i n f o r ma t i o n  on t h e  sequences  used in t a k i n g  d a t a  and o bs e r v ­
at ions  made c o nc e r n i n g  t h e  o p e r a t i o n  of  t h e  equipment  a t  t h a t  t i m e .
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The Photomul t  ip 11er
The p h o t o m u I t i p l i e r w a s a  s e l e c t e d  931A which was chosen fo r  
i t s  q u a l i t i e s  o f  s t a b i l i t y  and h i gh  c u r r e n t  o u t p u t .  A more s e n s i t i v e
t u b e  was broken d u r i n g  t h e  de s i g n  of  a vacuum c o o l i n g  u n i t .
The o u t p u t  s i g n a l  of  t h e  p r e s e n t  t ube  i n c r e a s e d  r a p i d l y  wi t h  
power supp ly  p u l s e  p o t e n t i a l  above 2000 v o l t s .  The h i g h e s t  s t a b l e  
o p e r a t i o n  seemed t o  be a t  3500 v o l t s  a l t h o u g h  t h e r e  was a lmos t  no 
t endency  t o  a r c  over  even a t  4500 v o l t s .  The e n t i r e  p h o t o m u l t i p l i e r  
t u b e  was f i t t e d  wi t h  a f o i l  s h i e l d  connec t ed  t o  t h e  c a t hode  lead as 
was s u g ge s t e d  by R. F .  Pos t . ^ ® T h i s  u n i t  was i n s e r t e d  i n t o  a copper  
s l e e v e .  (See f i g u r e  13 page 78 f o r  g e o m e t r i c a l  d e t a i l s ) .  The s l e e v e  
had been s i l v e r  s o l d e r e d  to  t h e  end o f  a l i q u i d  a i r  t ube  which ran 
i n t o  t h e  vacuum chamber .  Th i s  p r ov i d e d  l i q u i d  a i r  c o o l i n g  in t h e  hope 
of  r ed u c i n g  t h e  a p p a r e n t  t a i l  on t h e  l i g h t  s i g n a l .  The t a i l  was 
b e l i e v e d  t o  be t he  r e s u l t  of  f a l s e  c o u n t s  c r e a t e d  by vapor s  in t h e  
931A dynode r e g i o n .  There  was no a p p a r e n t  change in t h e  s i g n a l  be f o r e  
and a f t e r  t h e  l i q u i d  a i r  was a p p l i e d  as  was shown by an o v e r l a y  of  
o s c i l l o s c o p e  t r a c e s  on a s i n g l e  f i l m .  S i nc e  t h e  vacuum chamber had 
been p r o p e r l y  p o s i t i o n e d  over  t h e  e x c i t a t i o n  t u b e  and had a l l  of  t he  
e l e c t r i c a l  c o n n e c t i o n s  made w i t h i n  i t ,  i t  was used as  a mount ing soc ke t  
w i t h o u t  c o o l i n g  f o r  t h e  t a k i n g  of  s u b se q u e n t  d a t a .
I t  s h o u l d  be p o i n t e d  out  t h a t  o t h e r  p h o t o m u l t i p l i e r  t u b e s  have 
f a r  b e t t e r  c a t h o de  e f f i c i e n c i e s  t h a n  t h e  931A. To t h e  a u t h o r * s  know­
ledge t h e s e  t u b e s  have never  been used in p u l s e  o p e r a t i o n .  Wi thout
2®02. Cit.
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high  p o t e n t i a l s ,  however ,  t h e  t i me  r e s o l u t i o n  i s  q u i t e  l i m i t e d .  See 
Appendix V f o r  a d e r i v a t i o n  o f  t h e  r e s o l v i n g  t i me  e q u a t i on  as  a f u n c t i o n  
o f  b u r s t  w i d t h .
O p t i c a l  System
The o p t i c a l  sy s t em c o n s i s t e d  of  a s h o r t  foca l  l e n g t h  lens  
mounted a t  t h e  window of  t h e  e x c i t a t i o n  tube  w i t h  an o p t i c a l  f i l t e r  
above i t  and t h e  p h o t o m u l t i p l i e r  s e t  above t h a t .  The p h o t o m u l t i p l i e r  
was a d j u s t e d  f o r  maximum s i g n a l  f rom t h e  l i g h t  c o u r s e .
The o p t i c a l  f i l t e r s  were Ba i rd-Atomic  m u l t i - l a y e r  f i l t e r s  f o r  
a l l  l i n e s  s t u d i e d  ex c e p t  t h e  5016A and 3889A l i n e s .  Bausch and Lomb 
f i l t e r s  were used f o r  them.  No s p e c i a l  s t u d y  o f  t h e  s p e c t r a l  p u r i t y
o f  t h e  l i g h t  has been made.  The l i g h t  which r eached  t he  p h o t o m u l t i p l i e r
might  have a r r i v e d  from a n g l e s  a s  g r e a t  as  10* r e l a t i v e  t o  t h e  normal 
due t o  t h e  convergence  of  t he  l i g h t  beam. Th i s  c l e a r l y  w i l l  broaden 
t h e  a p p a r e n t  s p e c t r a l  w i d t h  o f  t h e  f i l t e r  curve  but  no work has been 
c a r r i e d  out  on t h i s  m a t t e r  t o  d a t e .  In c a s e s  where b r i g h t  l i n e s  a r e  
c l o s e  t o  t h e  ones be i ng  s t u d i e d  t h i s  m a t t e r  needs  more a t t e n t i o n .
Vacuum System
The vacuum s y s t em c o n s i s t e d  o f  a Cenco Megavac be ing fed by 
a dual  s t a g e  mercury d i f f u s i o n  pump. A co l d  t r a p  and s t o p  cock 
i s o l a t e d  them from t h e  r e s t  o f  t h e  h i gh  vacuum s ys t em.  Behind t h i s  
was a McLeod gauge and a d os i ng  s t o p c o c k  fo r  l e t t i n g  in t he  he l ium.
Between t h i s  s e c t i o n  and t h e  e x c i t a t i o n  tube  t h e r e  was a n o t h e r  co l d
t r a p  and s t o pc o c k  which t r a p p e d  me rc ur y  vapor  from t h e  McLeod gauge.
When t h e  vacuum sys t em was t i g h t  t h e  McLeod gauge mercury 
would s t i c k  in t he  c l o s e d  column and a drop of  between 4  and 5
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c e n t i m e t e r s  on t h e  open column was needed t o  draw t h e  c l o s e d  column
away from t he  end.
When t h e  sys t em was used f o r  t a k i n g  t h e  f i n a l  d a t a  t he  sys t em 
-4-p r e s s u r e  r o s e  about  10 mm in 11 hours  w h i l e  be i ng  c o m p l e t e l y  i s o l a t e d .  
The c a t ho d e  was hot  d u r i n g  t h i s  p e r i o d .  Th i s  p r e s s u r e  r i s e  was con­
s i d e r e d  t o  be due t o  t h e  c o n t i n u e d  o u t g a s s i n g  of  t h e  new c a t ho d e .  The 
amount of  p r e s s u r e  r i s e  e x t r a p o l a t e d  back t o  t he  15 mi nu t e  i n t e r v a l s  
r e q u i r e d  f o r  each p r e s s u r e  run in t h e  d a t a  showed t h e  c o n t a m i n a t i o n  of  
t h e  gas t o  be l e s s  t h a n  50 p a r t s  p e r  m i l l i o n  even a t  t h e  lowest  p r e s s u r e .  
Th i s  was c o n s i d e r e d  s u f f i c i e n t  p u r i t y  f o r  t h i s  e x p e r i m e n t .  Thi s  p u r i t y  
f i g u r e  might  be in e r r o r  somewhat however s i n c e  d u r i n g  t h e  11 hour  
p e r i o d  t h e r e  was no p u l s e  c u r r e n t  which might  d i s l o d g e  f o r e i g n  atoms 
from t h e  c a t hode  or  g r i d s ,  w h i l e  d u r i n g  t h e  exper i ment  t h e  p u l s i n g  
c o n t i nu e d  a t  one p u l s e  p e r  s econd w i t h  a t o t a l  cha r ge  t r a n s f e r  of  .0095 
coulomb f o r  t h e  e n t i r e  c o n s t a n t  p r e s s u r e  d a t a  s eq u e n c e .
CHAPTER I I I  
THE ELECTRONIC CIRCUITRY
S p e c i a l  Demands
Si nce  t h e  e x c i t a t i o n  t u b e  g r i d  sys t em must  d i s s i p a t e  200 
w a t t s  d u r in g  t h e  e x c i t a t i o n  p e r i o d  i t  must  be o p e r a t e d  w i t h  a ve ry  
low d u t y  c y c l e .  The pu l s ed  o p e r a t i o n  which p r o v i d e s  t h e  low du ty  
c y c l e  a l s o  has t h e  advan t age  of  not  a l l o w i n g  an i n t e r n a l  a r c  d i s c h a r g e  
t o  r e a c h  d e s t r u c t i v e  p r o p o r t i o n s  when t h e  gas p r e s s u r e  i s  t oo  h i g h .
To p r o v i d e  t h e  low du ty  c y c l e  t h e  ca t hode  of  t h e  e x c i t a t i o n  t ube  i s  
p u l s e d  f o r  5 / / - s e c  a t  a r e p e t i t i o n  r a t e  o f  one p u l s e  pe r  s econd .
The p h o t o m u l t i p l i e r  must  be t u r n e d  on fo r  i t s  2yW-sec " on"  p e r io d  
d u r i n g  t h e  5 / ^ - s e c  e x c i t a t i o n  p e r i o d .  Then w h i l e  t h e  p h o t o m u l t i p l i e r  
i s  " l o o k i n g "  a t  t h e  gas t h e  e x c i t a t i o n  must  be cut  o f f  in o r d e r  f o r  
i t  t o  " o b s e r v e "  t he  l i g h t  decay .  The t ime s equence  i s  shown c l e a r l y  
in F i g u r e  3 .
One o t h e r  t i m i n g  r e q u i r e m e n t  not  i n d i c a t e d  on t h e  d i agram s tems  
from t h e  use of  an i n du c t i o n  h e a t e r  t o  hea t  t h e  c a t h o d e .  S i nc e  t h e  
power of  t h e  i n d u c t i o n  h e a t e r  i s  so g r e a t  t h a t  i t  canno t  be e f f e c t i v e l y  
s h i e l d e d  from t h e  e l e c t r o n i c s  t h e  whole t i m i n g  sequence  must  be 
i n i t i a t e d  du r i ng  a p e r i o d  when t h e  i n du c t i o n  h e a t e r  i s  o f f .
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t h e  ca t hode  is powered by a r e c t i f i e d  box u n f i l t e r e d  power s u p p l y .
Thi s  a u t o m a t i c a l l y  p r o v i d e s  a b r i e f  " o f f "  p e r i o d  eve ry  l / l 2 0 t h  of  a 
second when t he  60 c y c l e  power l i n e  v o l t a g e  pas sed  t h r ou g h  z e r o .  The 
i n s t r u m e n t a t i o n  t ime i s  so s h o r t  t h a t  t h e  e n t i r e  t i mi n g  sequence  can 
be i n t e r p o s e d  in t o  t h i s  h e a t e r  power " o f f "  p e r i o d  u s i n g  on l y  a s i mp l e  
phase  s y n c h r o n i z a t i o n  p u l s e  a p p l i e d  t o  t h e  I n i t i a t i n g  p u l s e  g e n e r a t o r  
g r i d .  The block d i agram.  F i g u r e  4. shows t he  r e l a t i o n s h i p  between t h e  
v a r i o u s  e l e c t r o n i c  components .  The ar rows  i n d i c a t e  t h e  c a u s e - t o - e f f e c t  
r e  I a t  i onsh ip .
D e s c r i p t  ion of  E l e c t r o n i c  C i r c u i t s  
Phase  Shi  f t e r
The phase s h i f t e r  shown in F i g u r e  5 is  a s i mp l e  s e r i e s  R-C 
c i r c u i t  d r i v en  from each end by a p u s h - pu l l  s i n e  wave.  I t  i s  obvious  
t h a t  t h e  j u n c t i o n  between R and C w i l l  be in phase  w i t h  t h e  lower end 
of  t he  p us h - pu l l  c i r c u i t  when R=0 and i t  would be in phase  w i t h  t he  
upper  end wnen R=00. I t  is not  so obvious  however t h a t  t h e  p o in t  
w i l l  have a c o n s t a n t  a m p l i t ud e  s i n e  wave v o l t a g e  r e l a t i v e  t o  ground 
f o r  a l l  i n t e r m e d i a t e  phase  a d j u s t m e n t s .  To ga i n  a c l e a r  u n d e r s t a n d i n g  
of  i t s  o p e r a t i o n  the  r e a d e r  i s  r e f e r r e d  t o  one of  t h e  many e l e c t r o n i c s  
t e x t s  which d i s c u s s  phase  s h i f t e r  t h e o r y . 29
One d i f f e r e n c e  in t h i s  phase  s h i f t e r  from t h o s e  d e s c r i b e d  in 
most  t e x t s  i s  t h a t  a p a r a pha se  a m p l i f i e r  i s  used t o  p r o v i d e  t he  p us h -  
p u l l  s i g n a l  r a t h e r  t han  t h e  usual  c e n t e r - t a p p e d  t r a n s f o r m e r .
29m. R, Weed and W. L.  Da v i s ,  Fundamenta l s  o f  E l e c t r o n  Dev i c e s  
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The pa rapha se  a m p l i f i e r  i n c o r p o r a t e s  t h e  phase  i n v e r s i o n  p r o p e r t y  of  
t h e  c o n v e n t i o n a l  a m p l i f i e r  and t h e  n o n i n v e r s i o n  p r o p e r t y  of  t h e  ca t hode  
f o l l o we r  in a s i n g l e  c i r c u i t .  S i n c e  t h e  anode and c a t hode  loads  of  
t h e  6SN7 t r i o d e  a r e  t h e  same (33K in t h i s  i n s t a n c e )  t h e  p l a t e  c u r r e n t  
of  t h e  t ube  w i l l  develop t h e  same s i g n a l  a m p l i t ud e  a c r o s s  each r e s i s t o r  
but w i t h  t h e  phase  i n v e r t e d  on t h e  p l a t e  load o u t p u t .
B u f f e r  Amp Ii  f i e r
The use of  a b u f f e r  a m p l i f i e r  r e d u c e s  feed back between s t a g e s  
of  a sys t em and p r o v i d e s  a m p l i f i c a t i o n  when n e c e s s a r y .
The use of  t h i s  e l ement  may be un n e c e s s a r y  in t h i s  s equence ,  
but  s i n c e  t h e  o t h e r  h a l f  o f  t h e  6SN7 p a r ap ha se  a m p l i f i e r  twin t r i o d e  
would have been i d l e  i t  was f e l t  t h a t  t h e  d e c o u p l i n g  t h a t  i t  c ou l d  
p r o v i d e  might  add t o  t h e  long t e rm s t a b i l i t y  of  t h e  s y s t em.
S ch mi t t  T r i g g e r
The Schmi t t  t r i g g e r ^ O  c i r c u i t  i s  a h i g h l y  r e g e n e r a t i v e  two t ube  
c i r c u i t  havi ng  two s t a b l e  s t a t e s .  The r e g e n e r a t i v e  feed  back i s  p rov i ded  
by t h e  c a t hode  r e s i s t o r  and by c o u p l i n g  t h e  f i r s t  anode t o  t h e  second 
g r i d .  The s i g n a l  l evel  on t h e  f i r s t  g r i d  d e t e r mi n e s  which t u b e  i s  in 
t h e  c o nd uc t i ng  c o n d i t i o n .  I f  t h e  g r i d  on t r i o d e  1 i s  above t h e  c r i t i c a l  
p o t e n t i a l  i t  c o n du c t s .  The c o n d u c t i o n  o f  t h e  f i r s t  t r i o d e  p r o v i d e s  both 
ca t hode  and g r i d  s i g n a l  t o  t h e  second t r i o d e  t o  keep i t  c u t  o f f .
C. R i de ou t ,  A c t i v e  Networks  ( P r e n t i c e - H a 1 1 , 1954) ,  p.  426.
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When t h e  g r i d  of  t r i o d e  1 i s  lowered below t he  c r i t i c a l  l eve l  
t h e  second t r i o d e  beg i ns  t o  conduc t  and t h e  r e g e n e r a t i v e  f eedba ck  
produces  a sudden change o f  s t a t e  w i t h  t r i o d e  1 be ing c u t o f f  and t r i o d e  
2 c o n d u c t i n g .  The f i r s t  t r i o d e  r ema i ns  c u t  o f f  u n t i l  i t s  g r i d  i s  aga i n  
r a i s e d  above t he  c r i t i c a l  l e v e l .  The adva n t age  o f  such a c i r c u i t  i s  
t h a t  i t  p r o v i d e s  very s h a r p l y  r i s i n g  and f a l l i n g  wave f r o n t s  a c c u r a t e l y  
t imed r a l a t i v e  t o  some p r e d e t e r m i n e d  l eve l  on a s l owl y  chang i ng  g r i d  
s i g n a l .  The t r i g g e r  l e ve l  c o n t r o l  s e t s  t he  c r i t i c a l  b i a s  l e ve l  a t  
which t h e  c i r c u i t  r e g e n e r a t i o n  s e t s  i n .  I t  might  be wel l  t o  ment ion  
t h a t  t h i s  l eve l  can be a d j u s t e d  in e i t h e r  d i r e c t i o n  f a r  enough t h a t  t he  
input  s i g n a l  cannot  d r i v e  t h e  g r i d  i n t o  t h e  c r i t i c a l  c o n d i t i o n  and t h e  
c i r c u i t  w i l l  f a i l  t o  o p e r a t e .
In F i g u r e  6 t h e  e f f e c t  of  t h e  t r i g g e r  l eve l  on t h e  o u t p u t  wave­
form is  c l e a r l y  shown. The most  a c c u r a t e l y  phased s p i k e s  s h o u l d  occur  
when t he  s i n e  wave i n t e r s e c t s  t h e  s t a b i l i t y  a x i s  w i t h  i t s  g r e a t e s t  
s l o p e .  Th i s  c o n d i t i o n  i s  shown on t h e  l e f t  in t h e  f i g u r e .  The 
s t a b i l i t y  a d j u s t me n t  may be c a r r i e d  ou t  by o b s e r v i n g  t h e  wave form 
a t  t h e  o u t p u t  of  t he  a m p l i f i e r  which f o l l ow s  w h i l e  a d j u s t i n g  t h e  t r i g g e r  
l eve l  c o n t r o l  u n t i l  t h e  n e g a t i v e  p u l s e s  a r e  e q u i d i s t a n t  between t he  
p o s i t i v e  s p i k e s .  The a d j u s t me n t  is  no t  c r i t i c a l .
Sc hmi t t  t r i g g e r  
o u t p u t
di  f f e r e n t i a t o r  
o u t p u t
Figure 6
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Di f f e r e n t i a t o r
The d i f f e r e n t i a t o r  and s e v e r a l  more components  w i l l  be found 
on F i g u r e  7 .  The purpos e  of  t h e  d i f f e r e n t i a t o r  i s  t o  t a k e  t h e  s q u a r e  
s i g n a l  out  o f  t h e  Schmi t t  t r i g g e r  c i r c u i t  and shape  i t  i n t o  s h o r t  
d u r a t i o n  t i m i n g  s p i k e s  as  i l l u s t r a t e d  above .  A s i mp l e  RC c i r c u i t  
hav i ng  a smal l  RC t i me  c o n s t a n t  i s  a l l  t h a t  i s  r e q u i r e d .
When a s t e p  f u n c t i o n  v o l t a g e  i s  a p p l i e d  a c r o s s  t h e  c i r c u i t  
t h e  c a p a c i t o r  w i l l  cha r ge  t o  e s s e n t i a l l y  t h e  f u l l  v o l t a g e  a l mos t  
immedi a t e l y .  A f t e r  t h i s  no more c u r r e n t  w i l l  f low t h r ou g h  t h e  RC 
c i r c u i t .  The IR drop a c r o s s  t h e  r e s i s t o r  ( t h e  o u t p u t  s i g n a l )  i s  t h e  
r e s u l t  of  t h i s  sudden ch a r g e  s u r g e  t o  t h e  c a p a c i t o r .  Thus ,  on ly  
sudden changes  in t h e  a p p l i e d  s i g n a l  r e s u l t  in any a p p r e c i a b l e  s i g n a l  
o u t p u t .
S e l e c t i v e  Amp I i f i e r
Al t hough  a d i f f e r e n t i a t o r  c i r c u i t  e f f e c t i v e l y  changes  s q u a r e  
waves i n t o  p o s i t i v e  and n e g a t i v e  t r i g g e r  s p i k e s ,  t h e  s i g n a l  a m p l i t ud e  
i s  g r e a t l y  r e d u ce d .  In t h i s  work t h e  n e g a t i v e  s i g n a l  s p i k e  i s  o f  no 
v a l u e ,  t h e r e f o r e ,  t h e  a m p l i f i e r  s t a g e s  which f o l l ow  a r e  d e l i b e r a t e l y  
b i a s e d  i n t o  t h e i r  n o n l i n e a r  zones  t o  r educe  t h e  unwanted s i g n a l  and 
p r o v i d e  s t r o n g  a m p l i f i c a t i o n  of  t h e  d e s i r e d  s p i k e .
The p r i n c i p l e  of  t h i s  s e l e c t i v e  a m p l i f i c a t i o n  i s  i l l u s t r a t e d  
in F i g u r e  8 .  I t  i s  wel l  t o  n o t e  t h a t  t h e  o u t p u t  v o l t a g e  s i g n a l  i s  
t h e  n e g a t i v e  o f  t h e  o u t p u t  c u r r e n t .
IN m A T IN 8 -  'PUISE. GENERATOR.:D I FFEREN TIA TO R 5ELECTW/E. AMPLIFIER.
B+ (7)
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S t a g e  1 Is b i a s e d  ve ry  n e a r  c u t o f f  by a l a r ge  c a t hode  r e s i s t o r  
(27K) so t h e  p o s i t i v e  g r i d  s p i k e  can g ive  r i s e  t o  a l a r g e  anode c u r r e n t  
s u r g e  w h i l e  t h e  n e g a t i v e  s i g n a l  w i l l  d r i v e  t h e  t ube  on ly  f u r t h e r  into 
c u t o f f .
The second s t a g e  i s  b i a s e d  i n t o  s a t u r a t i o n  by 3 Megohm and 2 . 2  
Megohm v o l t a g e  d i v i d e r  conne c t e d  t o  B+. Remembering t h a t  t h e  s i g n a l  
out  of  t h e  f i r s t  s t a g e  i s  a s t r o n g  n e g a t i v e  v o l t a g e  s p i k e  and a weak 
p o s i t i v e  p u l s e ,  t h i s  n e g a t i v e  s p i k e  swings  t ub e  number 2 t h r ou g h  i t s  
normal  o p e r a t i n g  r ange  w h i l e  t h e  p o s i t i v e  p u l s e  d r i v e s  i t  f u r t h e r  i n t o  
t h e  a l r e a d y  s a t u r a t e d  r e g i o n .  The o u t p u t  s i g n a l  from t h e  a m p l i f i e r  
ch a i n  i s  a g r e a t l y  a m p l i f i e d  p o s i t i v e  s p i k e  e ve r y  l / 6 0 t h  o f  a second
w i t h  a much s m a l l e r  n e g a t i v e  p u l s e  between t h e s e  t r i g g e r  s p i k e s .
The e n t i r e  c i r c u i t  from t h e  phase  s h i f t e r  t o  t h i s  p o i n t  i s  
r e p r e s e n t e d  in t h e  b l oc k  diagram by a s i n g l e  b lock  d e s i g n a t e d  t he  
" i n i t i a t i n g  P u l s e  Phase  C o n t r o l " .
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I n i t i a t i n g  P u l s e  G en e r a t o r
The i n i t i a t i n g  p u l s e  g e n e r a t o r  i s  a r emote  u n i t  as  i n d i c a t e d  
by t h e  dashed  o u t l i n e  on F i g u r e  7 .  Th i s  u n i t  has i t s  own h a l f  wave 
power s u p p l y  wi t h  an RC f i l t e r .
The o p e r a t i o n  of  t h e  p u l s e  c i r c u i t  i s  as  f o l l o w s .  Assume 
t h a t  t h e  2D21 t h y r a t r o n  has j u s t  f i r e d  so t h e  . 0 2 / f f  p l a t e  c a p a c i t o r  
i s  d i s c h a r g i n g  and t h e  c a t hode  c a p a c i t o r  i s  be i ng  c h a r g e d .  When t he  
c a t hode  and anode p o t e n t i a l  draw c l o s e  enough t o g e t h e r  t h e  ca t hode  
c u r r e n t  becomes too low t o  s u s t a i n  t h e  d i s c h a r g e  w i t h i n  t h e  t ube  and 
t h e  g r i d  r e g a i n s  c o n t r o l .  At t h i s  t i me  t h e  t u b e  i s  b i a s e d  f a r  i n t o  
c u t o f f  w i t h  ca t hode  b i a s  s u p p l i e d  by t h e  c h a r ge  on t h e  . 2 5 / j f  c a p a c i t o r .  
The c a p a c i t o r  s lowly  d i s c h a r g e s  t h r ough  t h e  10 Meg p o t e n t i o m e t e r  
d e c r e a s i n g  t h e  b i a s .  The anode c a p a c i t o r  u s u a l l y  c h a r ge s  up t o  t h e  B+ 
p o t e n t i a l  much more r a p i d l y  because  of  i t s  s m a l l e r  ch a r g e  r e s i s t o r .
When t h e  anode c a p a c i t o r  becomes cha rged  t h e  c i r c u i t ,  e x c l u s i v e  of  t h e  
c a t h o d e ,  r emains  r eady  f o r  a n o t h e r  c y c l e .  As t h e  c a t hode  b i a s  p o t e n t i a l  
s l owl y  d e c r e a s e s  a t i me  f i n a l l y  a r r i v e s  when one of  t h e  phase  c o n t r o l l e d  
t r i g g e r  s p i k e s ,  a p p l i e d  t o  t h e  g r i d ,  o v e r d r i v e s  t h e  c a t ho d e  b i a s  and 
t h e  t u b e  f i r e s  a g a i n ,  r e p e a t i n g  t h e  sequence  p r e v i o u s l y  d e s c r i b e d .  The 
f requency  c o n t r o l  s imp l y  a d j u s t s  t h e  RC t ime c o n s t a n t  o f  t h e  ca t hode  
c i r c u i t  t h e r e b y  changi ng  t h e  r a t e  of  d e c r e a s e  o f  t h e  c u t o f f  b i a s .  The 
r e p e t i t i o n  r a t e  may be a d j u s t e d  from around 60 p u l s e s / s e c  t o  s e v e r a l  
s econds  between p u l s e s  w i t h  each p u l s e  a c c u r a t e l y  phased r e l a t i v e  t o  
t h e  60 c y c l e  l i n e  as  de t e rmi ne d  by t h e  g r i d  s i g n a l .  Here a g a i n ,  a word 
of  c a u t i o n  shou l d  be i n t e r j e c t e d .  Lower ing t h e  ca t hode  r e s i s t a n c e  t oo  
f a r  p r oduces  a r e p e t i t i o n  r a t e  which is  t o o  h i gh  t o  be p r o p e r l y  syn­
c h r o n i z e d  by t h e  g r i d  s i g n a l  and t h e  o p e r a t i o n  becomes e r r a t i c .
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At a s l i g h t l y  lower c a t ho d e  r e s i s t a n c e  t h e  c u r r e n t  f a i l s  a l t o g e t h e r  
because  t h e r e  i s  never  enough c a t ho d e  b i a s  t o  ho l d  t h e  t h y r a t i o n  
c u t o f f .  These  f a u l t s  cou l d  be e l i m i n a t e d  by add i ng  a s e r i e s  r e s i s t o r  
in t h e  c a t h o de  c i r c u i t  which would e s t a b l i s h  a minimum r e s i s t a n c e  
above t h e  c r i t i c a l  v a l u e .  S i nc e  t h e  c i r c u i t  was always  o p e r a t e d  a t  
t h e  low r e p e t i t i o n  r a t e  o f  1 p u l s e  p e r  second and l e f t  a t  t h a t  ad­
j u s t m e n t ,  t h i s  m o d i f i c a t i o n  neve r  became n e c e s s a r y .  The o u t p u t  s i g n a l  
i s  deve loped a c r o s s  t h e  IK ca t hode  r e s i s t o r  and i s  d i f f e r e n t i a t e d  by 
t h e  .1 )x\ c a p a c i t o r  and t h e  500 ohm o u t p u t  p o t e n t i o m e t e r .
D i f f e r e n t i a t o r  and P u l s e  A m p l i f i e r
Both o f  t h e s e  c i r c u i t s  were p r e v i o u s l y  employed in a system 
which r e q u i r e d  t he  wave s h a p i n g  and a m p l i f i c a t i o n  t h a t  t he y  p r o v i d e .  
Al though  t h e y  a r e  not  b e l i e v e d  t o  c o n t r i b u t e  t o  t h e  e f f e c t i v e n e s s  of  
t h e  p r e s e n t  c i r c u i t  t h e i r  use a l l owed  t h e  use o f  an input  Jack  f o r  t h e  
r emo t e l y  c o n t r o l l e d  t r i g g e r  w i t h o u t  f u r t h e r  m o d i f i c a t i o n  of  t h e  sys t em 
which may be needed in i t s  former  c o n d i t i o n  a t  a f u t u r e  d a t e .  These 
c i r c u i t s  w i l l  be found a l ong  w i t h  t h e  nex t  one t o  be d i s c u s s e d  in 
F i g u r e  9.
E x c i t a t i o n  Tube Power P u i s e r
Thi s  c i r c u i t  employs 2021 t h y r a t r o n  and a lumped d e l a y - l i n e  
t o  produce a 5 y U - s e c  o u t p u t  p u l s e  of  a r e l a t i v e l y  sq u a r e  s h a p e .  I t s
o p e r a t i o n  is  as  f o l l o ws :
In t h e  o f f  p e r i o d  t h e  c a t ho d e  b i a s  i s  e s t a b l i s h e d  by t h e  5 meg 
and 60K v o l t a g e  d i v i d e r  w h i l e  t h e  anode p o t e n t i a l  i s  a t  t h e  v a l u e  
e s t a b l i s h e d  by B+. Vfhen a t r i g g e r  s p i k e  a r r i v e s  a t  t h e  g r i d  t h e
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t h y r a t r o n  f i r e s .  Thi s  a c c o mp l i sh e s  t h e  same r e s u l t  as  c o n n e c t i n g  t he  
cha r ge d  anode c a p a c i t o r  and load r e s i s t a n c e  t o  t h e  lumped d e l a y - l i n e  
a t  t h e  c a t h o d e .  E l e c t r o n s  f low from t h i s  d e l a y - l i n e  a t  a c o n s t a n t  
r a t e  u n t i l  i t  becomes c h a r g e d .  Th i s  i s  t h e  t ime r e q u i r e d  f o r  t h e  
s t e p  f u n c t i o n  t o  p r o p a g a t e  t o  t h e  f a r  end of  t h e  open l i n e  and be r e ­
f l e c t e d  back t o  t he  c a t h o d e .  At t h i s  i n s t a n t  t h e  c u r r e n t  s t o p s  because  
t h e  v o l t a g e  a c r o s s  t h e  l i n e  i s  now equal  t o  t h e  v o l t a g e  s u p p l i e d  by 
t h e  anode c a p a c i t o r .  The t h y r a t r o n  g r i d  now r e g a i n s  c o n t r o l .  The 
c i r c u i t  r e t u r n s  t o  i t s  f o rmer  s t a t e  a s  soon as  t h e  lumped l i n e  d i s ­
c h a r g e s  t h r ou gh  t h e  b i a s  b l e e d e r  and t h e  anode becomes cha rged  t h r ough  
t h e  two . 4  Meg r e s i s t o r s .  The 1 jaf  c a p a c i t o r  between t h e s e  . 4  Meg 
r e s i s t o r s  d e c o u p l e s  t h e  anode c i r c u i t  from t h e  B+, t h e r e b y  r ed u c i n g  
t h e  p o s s i b i l i t y  of  t r i g g e r i n g  o t h e r  c i r c u i t s  u s i n g  t h i s  common B+ 
s u p p l y .
The load on t h e  o u t p u t  must  match t h e  impedence of  t h e  dummy 
l i n e  in t h e  c a t hode  i f  t h e  o u t p u t  s q u a r e  wave i s  t o  be p r o p e r l y  formed.  
In o r d e r  t o  p r o v i d e  an a mp l i t ud e  c o n t r o l  and an impedence match the  
two p o t e n t i o m e t e r s  and t h e  load p r ov i d e d  by t h e  e x c i t a t i o n  t u b e  form 
a T-pad c a p a b l e  of  enough a d j u s t me n t  t o  e s t a b l i s h  t h e  p ro p e r  wave shape  
when t h e  e x c i t a t i o n  t u b e  c a t ho d e  i s  h ea t e d  and in o p e r a t i o n .
Ano t he r  u s e f u l  f e a t u r e  of  t h i s  c i r c u i t  i s  t h e  f a c t  t h a t  t h e  
lumpy l i n e  p r o v i d e s  a chance  t o  p i c k  o f f  a t r i g g e r  s i g n a l  w i t h  a f i x ed  
d e l a y .  T h i s  i s  employed t o  i n i t i a t e  t h e  p h o t o m u l t i p l i e r  t r i g g e r  
c i r c u i t  a f t e r  t h e  e x c i t a t i o n  t ube  has  been "on"  f o r  a f i x e d  p e r i o d  o f  
t i m e .
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P h o t o m u l t i p l i e r  P u i s e r  T r i g g e r
Thi s  i s  a n o t he r  2021 p u l s e  g e n e r a t o r  employing a c a p a c i t o r  
in t h e  anode c i r c u i t  and a c a t hode  load which p roduces  a p o s i t i v e  
o u t p u t  p u l s e .  When t he  t h r y a t r o n  i s  t r i g g e r e d  t h e  anode c a p a c i t o r  
cha r ge  i s  dumped th r ough  t h e  ca t hode  r e s i s t o r  r e s u l t i n g  in a low 
impedance h i gh  v o l t a g e  p u l s e  of  s h o r t  d u r a t i o n  on t h e  c a t h o d e .  Thi s  
c i r c u i t  i s  shown in f i g u r e  10.
When t h e  anode c a p a c i t o r  becomes d i s c h a r g e d  t h e  5 . 6  Meg 
r e c h a r g e  r e s i s t o r  w i l l  no t  s upp l y  enough c u r r e n t  t o  m a i n t a i n  t h e  
d i s c h a r g e  and t h e  g r i d  c i r c u i t  r e g a i n s  c o n t r o l .  The Anode c a p a c i t o r  
becomes r ec h a r g e d  aga i n  in e s s e n t i a l l y  t h e  RC t i me  e s t a b l i s h e d  by 5 . 6  
Meg.ohm and «05y j f  or  a p p r o x i m a t e l y  one t h i r d  o f  a s econd .
The ca t hode  o u t p u t  s i g n a l  i s  fed f i r s t  i n t o  t h e  APS/2 Radar  
m o d u l a t o r  u n i t  t h rough  a d e l a y - l i n e  of  r ough l y  1 . 0 / i - s e c  g i v i n g  a 
f i x e d  de l ay  as  wel l  as  e s t a b l i s h i n g  t h e  o u t p u t  p u l s e  w i d t h  o f  t h a t  
u n i t .  The o t h e r  branch of  t h e  o u t p u t  i s  fed i n t o  a d e l a y - l i n e  which 
d e t e r mi n e s  when t he  e x c i t a t i o n  t ube  b i a s  s t e p  i s  i n i t i a t e d  r e l a t i v e  
t o  t h e  p h o t o m u l t i p l i e r  " o n "  p e r i o d .
The b i a s  s t e p  t r i g g e r  p u l s e  may be p i c ked  o f f  t h e  d e l a y - l i n e  
a t  i n t e r v a l s  o f  a few t e n t h s  of  a mi c r os e c o n d  p e r  s e c t i o n .  To accom­
p l i s h  t h i s  an a l l i g a t o r  c l i p  i s  clamped t o  t h e  c a p a c i t o r  l ead a t  t h e  
d e l a y  i n t e r v a l  d e s i r e d .
The t i me  sequence  o r d e r  w i l l  be broken a t  t h i s  p o i n t  s i n c e  
t h e  p h o t o m u l t i p l i e r  p u i s e r  w i l l  r e q u i r e  some s p e c i a l  d i s c u s s i o n  wi t h  
r e g a r d  t o  i t s  power s u p p l y .  The d i s c u s s i o n  w i l l  now p roceed  t o  t h e  b i a s  
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Bias  S t e p  G e n e r a t o r
The r e q u i r e m e n t s  on t h i s  c i r c u i t  a r e  s t r i n g e n t .  I t  must  have 
a low impedence (19 ohm), have a c o n t r ô l a b l e  o u t p u t  v o l t a g e  around 100 
v o l t s ,  and have a r i s e - t i m e  of  l e s s  t ha n  10 n - s e c  and p r e f e r r a b l y  
around 1 n - s e c .  A b i t  of  c h e c k i n g  showed t h a t  t h e  on l y  d r i v e r  u n i t  
a v a i l a b l e  in t h i s  l a b o r a t o r y  which was c a p a b l e  o f  me e t i n g  t h e  power 
c o n t r o l  r e q u i r e m e n t s  seemed t o  be t h e  much used 2021 t h y r a t r o n .  Al l  
hard  t u b e s  in t h e  l a b o r a t o r y  which cou l d  ha nd l e  5 amperes  were f e l t  
t o  be t o o  l a rge  and i n d u c t i v e  f o r  such  f a s t  work.
An expe r i me n t a l  check on t h e  2021 t u b e s  showed t h a t  a t  1000 
t o  2000 v o l t s  t h e  r i s e - t i m e  f o r  t h e  l a t t e r  p a r t  o f  t h e  breakdown was 
very  f a s t ,  r e a c h i n g  from h a l f  s i g n a l  t o  peak in around 2 n - s e c  w i t h  
an e s t i m a t e d  r i s e - t i m e  (10)6 t o  90)6 s i g n a l )  o f  a round 5 n - s e c .
The c i r c u i t  used i s  shown in F i g u r e  10 and i s  e n c l o s e d  in a 
dashed l i n e  t o  i n d i c a t e  t h a t  i t  i s  remote from main t i m i n g  u n i t .
Whi le t h e  2021 g r i d  i s  in c o n t r o l  t h e  B+ v o l t a g e  s u p p l i e d  by 
a v a r i a b l e  l a b o r a t o r y  supp ly  i s  r a i s e d  t o  a round 1300v.  The c o u p l i n g  
c a p a c i t o r  made up of  t h r e e  p a r a l l e l  . 02yOf Ikv d i s c - s e r a m i c  c a p a c i t o r s  
becomes cha rged  t o  t h e  a p p l i e d  p o t e n t i a l  t h r ou gh  2 . 2  Meg r e s i s t o r  in 
t h e  u n i t  and a 5 Meg r e s i s t o r  a t  t h e  power s u p p l y  t e r m i n a l .
A f t e r  t h e  d i s c - c e r a m i c  c a p a c i t o r s  become cha r ge d  t h e  c i r c u i t  
i s  r eady t o  o p e r a t e .  A p o s i t i v e  t r i g g e r  o v e r d r i v e s  t h e  b a t t e r y  o p e r a t e d  
b i a s  s up p l y  and t h e  breakdown t a k e s  p l a c e .  The f u l l  c o u p l i n g  c a p a c i t o r
S^Thi s  power s upp l y  r e s i s t o r  was used t o  p r o t e c t  any o p e r a t o r  
u n f a m i l i a r  w i t h  t h e  h igh  v o l t a g e  r e q u i r e d  by t h i s  smal l  and i nnocen t  
looking u n i t .  I t  a l s o  saved t h e  a u t h o r  from a d i s c o m f o r t i n g  t h o u g h t  
of  danger  connec t ed  w i t h  t h e  a d j u s t me n t  o f  t h i s  u n i t .
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v o l t a g e  then  a p p e a r s  a c r o s s  t h e  r e s i s t o r  s t r i n g  which drops  t he  
v o l t a g e  from 1300v t o  a p p r ox im a t e l y  lOOv on t h e  g r i d  of  t h e  e x c i t a t i o n  
t u b e .
The c a p a c i t a n c e  of  t h e  e l e c t r o d e  s t r u c t u r e  of  t h e  e x c i t a t i o n  
t u b e  loaded t h e  c i r c u i t  c o n s i d e r a b l y  and t h e  sha r p  r i s e - t i m e  found on 
t h e  work bench was not  d u p l i c a t e d  a t  t h e  e x c i t a t i o n  t u b e .  In o r d e r  
t o  compensate  f o r  t h i s  r ounding  of  l e a d i n g  edge of  t h e  wave two a i d s  
were i n c o r p o r a t e d .  F i r s t  a 350/U/U f c a p a c i t o r  was s hun t e d  a c r o s s  one 
r e s i s t o r  of  t h e  r e s i s t o r  s t r i n g .  T h i s  s e r ve d  t o  bypass  t h e  r e s i s t o r  
d u r i n g  t h e  e a r l y  p a r t  of  t h e  s i g n a l  f i l l i n g  in t h e  bad l y  rounded p o r ­
t i o n  but  f a i l i n g  t o  r a i s e  t h e  l e a d i n g  edge of  t h e  s t e p  enough t o  g ive  
a r e a l l y  s ha rp  f r o n t .  !n o r d e r  t o  p r ov i d e  a s h a r p e r  f r o n t  a coppe r  
f o i l  c a p a c i t i v e  p i c k - up  was s l i p p e d  between two of  t h e  c o u p l i n g  
c a p a c i t o r s  and fed d i r e c t l y  t o  t h e  s i g n a l  o u t p u t .  T h i s  produced an 
ove r sh o o t  and r i n g i n g .  The f i n a l  s o l u t i o n  i n c o r p o r a t e d  a 30 ohm 
r e s i s t o r  in s e r i e s  w i t h  t h i s  c a p a c i t i v e  p i c k u p .  By t r i a l  and e r r o r  t h e  
a r e a  of  t h e  s t r i p  was a l t e r e d  u n t i l  t h e  d e s i r e d  amount o f  pickup was 
a t t a i n e d .  The f i n a l  s i g n a l  had a v e r y  smal l  ove r shoo t  on t h e  l e a d i n g  
edge .  A f t e r  t he  l e a d i n g  edge of  t h e  s t e p  was c o r r e c t e d  and t h e  r e s e a r c h  
begun i t  was d i s c o v e r e d  t h a t  t h e r e  were p h o t o m u l t i p l i e r  s i g n a l  t a i l s  
o f  long d u r a t i o n  and i t  was n e c e s s a r y  t o  hold  t h e  b i a s  s i g n a l  up f o r  
a much longer  p e r i o d  than  was p o s s i b l e  w i t h  t h e  r e s i s t o r  c a p a c i t o r  
s t r i n g .  In o r de r  t o  compensate  f o r  t h i s  b i a s  v o l t a g e  f a l l  a c a p a c i t o r  
was put  in s e r i e s  w i t h  t h e  lower c i r c u i t  e l ement  which would ch a r g e  up
a t  a r a t e  t o  compensate  f o r  t h e  f a l l  r a t e  on c o u p l i n g  c a p a c i t o r .  A 
p e r f e c t  match^Z was not  p o s s i b l e  however because  t h e  d . c .  impedence t o
^Zjo  produce  a p e r f e c t  d i v i d e r  a s e r i e s  c a p a c i t o r  in t h e  lower 
and of  t h e  v o l t a g e  d i v i d e r  s hou l d  be chosen such  t h a t  t h e  RC t i me  c o n s t a n t  
o f  t h i s  lower s e c t i o n  is equal  t o  t h e  RC t ime c o n s t a n t  of  t h e  upper  s e c t i o n .
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ground must be kept  low. Th i s  is  because  t h e  e x c i t a t i o n  t ube  b i a s  
g r i d  i n t e r c e p t s  a l a r g e  number o f  t h e  c a t h o d e  e l e c t r o n s  du r in g  t h e  
conduc t i on  p e r i o d  and t h e s e  e l e c t r o n s  must  f i n d  t h e i r  way t o  ground
w i t h o u t  d eve l op i ng  a l a r ge  b i a s  s i g n a l  on t h e  g r i d .  By t r i a l  and 
e r r o r  t h e  22 ohm . 2 j i f  c a p a c i t o r  c i r c u i t  p r ov i de d  a s i g n a l  which r o s e  
s l i g h t l y  and f e l l  a g a i n  but  which was f l a t  t o  about  5% ove r  t h e  3yW-sec 
r a n g e .  S i n c e  3yW-sec is  l onge r  t h a n  t h e  p h o t o m u l t i p l i e r  a c t i v a t i o n
p e r i o d  t h i s  was deemed more t han  s u f f i c i e n t  f o r  our  p r e s e n t  needs .
A word about  c o n s t r u c t i o n  o f  t h e  u n i t  might  be g iven  f o r  t he
b e n e f i t  of  anyone who might  wish t o  d u p l i c a t e  t h e  c i r c u i t .
The use of  t i g h t  f i t t i n g  coppe r  f o i l  s h i e l d i n g  was found t o  
be n e c e s s a r y  f o r  t h e  f a s t  r i s e  t i m e .  A c a r e f u l  s t u d y  o f  t h e  c u r r e n t  
p a t h s  in t h e  c i r c u i t  e l emen t s  was a l s o  c a r r i e d  out  t o  d e t e r mi n e  t he
g e o m e t r i c a l  l o c a t i o n  which would p r ov i d e  t h e  l e a s t  i n d u c t a n c e .  Once 
b u i l t  t h e  u n i t  i s  a l mos t  i mp o ss i b l e  t o  r e p a i r  w i t h o u t  a comple t e  r e ­
b u i l d i n g  p r o c e s s .  Only t h e  2021 can be removed w i t h o u t  u n s o l d e r i n g  
t h e  o u t s i d e  s h i e l d  and c u t t i n g  a p a r t  t h e  u n i t .  The u n i t  had t o  be 
r e b u i l t  s e v e r a l  t i mes  when t h e  v o l t a g e  d i v i d e r  r e s i s t o r s  were broken 
down. When t he y  break  down, t h e  s t e p  f u n c t i o n  does no t  have a c l e a n  
l e ad i ng  edge but  w i l l  f a i l  t o  r i s e  t o  f u l l  v a l u e  on one t r i a l  and l a t e r  
w i l l  r i s e  in m u l t i p l e  s t e p s  w i t h  a l ack  o f  any c o n s i s t e n c y .  The use 
of  l a r g e r  2 wa t t  r e s i s t o r s  and a l onge r  r e s i s t o r  s t r i n g  had t o  be em­
ployed even a t  t he  expense  of  t h e  added i n d u c t a n c e  i t  i n t r o d uc e d  but  
t h i s  has p r ov i ded  a dependab l e  c i r c u i t .  A f t e r  t h e  f i r s t  f a i l u r e  of  
t he  v o l t a g e  d i v i d e r  s t r i n g  t h e  need f o r  a s i g n a l  m o n i t o r i n g  lead was 
r e c o g n i z e d .  The c o a x i a l  mo n i t o r  o u t p u t  t e r m i n a l  was b u i l t  i n t o  t h i s  
b i a s  u n i t  and was p r o p e r l y  v o l t a g e  d i v i d e d  and impedance matched t o  t h e  
r e q u i r e m e n t s  of  t h e  T e k t r o n i x  519 o s c i l l o s c o p e .
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Anot he r  comment: The 2D21 t u b e s  a r e  r a t e d  a t  600v maximum and
some s e l e c t i o n  has t o  be made t o  f i n d  t h o s e  which w i l l  p r o p e r l y  s t a n d  
o f f  t h e  1 5 0 0 V  or  so r e q u i r e d  in t h i s  c i r c u i t .  Those which f a i l e d  in 
t h i s  c i r c u i t  were not  damaged,  however ,  and f u n c t i o n  no r ma l ly  a t  v o l t ­
ages  below t h e  maximum l i s t e d  in t h e  t ube  manua l .  Only two out  of  s i x  
t u b e s  t e s t e d  were found t o  s t a n d  o f f  t h e  v o l t a g e  t o  2000v.  The one 
p r e s e n t l y  in use has s e r v e d  wel l  f o r  t h e  e n t i r e  a l i gnment  and d a t a  
t a k i n g  p e r i o d  and shows no a p p a r e n t  ag i ng  in i t s  o p e r a t i o n .
APS/2 Radar  Modu l a t o r  Un i t  M o d i f i c a t i o n
The p h o t o m u l t i p l i e r  d r i v e r  c i r c u i t  i n c o r p o r a t e s  a mo d u l a t o r  
u n i t  from an APS/2 r a d a r  u n i t .  I t  has  proved t o  be a d eq u a t e  f o r  d r i v i n g  
t he  p h o t o m u l t i p l i e r  w i t h  a minimum of  m o d i f i c a t i o n s .  I t  r e q u i r e s  an 
800 c y c l e  g e n e r a t o r  t o  o p e r a t e  i t s  power s u p p l y .  See F i g u r e  11.  The 
only power s upp l y  m o d i f i c a t i o n  was t h e  use o f  a r h e o s t a t  and a r e s i s t o r  
in s e r i e s  w i t h  t h e  pr imary  of  t h e  h igh  v o l t a g e  supp l y  t r a n s f o r m e r  t o  
p rov i de  f o r  v o l t a g e  a d j u s t m e n t s  from 2 t o  5 k i l o  v o l t s .
Two changes  in t he  o u t p u t  d r i v e r  u n i t  were r e q u i r e d  when a low 
r e s i s t a n c e  p h o t o m u l t i p l i e r  v o l t a g e  d i v i d e r  was employed.  They were t h e  
need f o r  a l a r g e r  c o up l i n g  c a p a c i t o r  ( r e p l a c i n g  a . O ^ f  w i t h  a . ^ f  
c a p a c f t o r }  and the  use of  a n o t h e r  715C power t e t r o d e  in p a r a l l e l  w i t h  
t he  one a l r e a d y  in u s e .
Minor conven i ences  such as  power s w i t c h e s ,  m e t e r i n g  p r o b e s ,  e t c .  




















The APS/2 B l oc k i ng  O s c i l l a t o r
Th i s  i s  a t r a n s f o r m e r - f e e d - b a c k  r e g e n e r a t i v e  c i r c u i t  which has 
an 8298 t ube  no r ma l ly  in c u t o f f .  See F i g u r e  12 f o r  a c i r c u i t  d i agram.
When t h e  g r i d  of  t h i s  t u b e  is d r iv e n  p o s i t i v e  w i t h  a t r i g g e r  
p u l s e  s e n t  t h r ough  t h e  dummy l i n e  a t  t h e  bot tom of  t h e  page t he  t ube  
s t a r t s  t o  c o n d u c t .  As t h i s  happens  t h e  p l a t e  c u r r e n t  s ends  a more 
p o s i t i v e  s i g n a l  t o  t h e  g r i d  d r i v i n g  t h e  t ube  i n t o  s a t u r a t i o n .  The 
c u r r e n t  c o n t i n u e s  a t  t h i s  h igh r a t e  u n t i l  a n e g a t i v e  going g r i d  s i g n a l  
t r i g g e r s  t h e  c u t o f f  c o n d i t i o n .  Dur ing t h e  "on*  p e r i o d  t h e  g r i d  s e c t i o n  
of  t h e  t r a n s f o r m e r  was drawing e l e c t r o n s  from t he  c a t h o d e  by means of  
t h e  p o s i t i v e  g r i d .  Th i s  r e s u l t e d  in s end i ng  a n e g a t i v e  s i g n a l  back i n t o  
t h e  1 y j - s e c  dummy l i n e .  I t  i s  t h e  r e f l e c t i o n  of  t h e  n e g a t i v e  p u l s e  
which s t a r t s  t h e  r e v e r s e  e v e n t .  Thus t he  p u l s e  w i d t h  i s  de t e rmined  
by a p pa r e n t  l eng t h  o f  t h e  dummy l i n e  in t h e  g r i d  c i r c u i t .
The p u l s e  w i d t h  i s  2/W-sec long because  t h e  s i g n a l  must  make 
a double  t r a n s i t  of  t h e  1 yW-sec l i n e .  For  f u r t h e r  d e t a i l s  see  t h e  
Radar  System E n g i n e e r i n g  t e x t  by R i de nour .
P h o t o m u l t i p l i e r  P u i s e r  D r i v e r
The p h o t o m u l t i p l i e r  p u i s e r  d r i v e r  c i r c u i t  i s  n o t h i n g  but  a h igh
power p a r a l l e l  t e t r o d e  a m p l i f i e r  u n i t  employing a c a p a c i t o r  c o up l i n g
o u t p u t .  See F i g u r e  12.  The tube  is  no rmal l y  c u t  o f f  u n t i l  t h e  b l oc k i ng
o s c i l l a t o r  s i g n a l  h i t s  t h e  g r i d .  I t  r emains  t u r n e d  on u n t i l  t he  
b l oc k i ng  o s c i l l a t o r  c u t s  i t  o f f  a g a i n .  T h e r e f o r e  i t  s i mpl y  a m p l i f i e s  t h e  
b l oc k i n g  o s c i l l a t o r  s i g n a l .  In o r d e r  t o  mo n i to r  t h e  v o l t a g e  wave-form 
a v o l t a g e  d i v i d e r  i s  a t t a c h e d  t o  t h e  o u t p u t .
33l . N. Rodenour ,  Radar  Systems E n g i n e e r i n g  ( M. I . T .  R a d i a t i o n  
Lab S e r i e s ,  McGraw-Hi l l :  1947) ,  Vo l .  I ,  p.  371 .
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P h o t o m u l t i p l i e r  C i r c u i t
T h i s  c i r c u i t  i s  a low impedance v o l t a g e  d i v i d e r  i n c o r p o r a t i n g  
e s c a l a t i n g  r e s i s t a n c e  v a l u e s  as  one p r o g r e s s e s  from c a t hode  t o  anode .  
T h i s  i s  s i m i l a r  t o  t h e  c i r c u i t  used by S i gney  S i n g e r  a t  Los Alamos.
T h i s  e s c a l a t i o n  p r o v i d e s  h i g h e r  f i e l d s  f o r  sweeping  out s p a c e -  
c ha r ge  in t h e  anode end of  t h e  dynode c h a i n  where s a t u r a t i o n  would 
o c c u r .  The p h o t o m u l t i p l i e r  i t s e l f  was a 931A s e l e c t e d  f o r  t h e  b e s t  
s t a b i ' i t y  and s i g n a l  s t r e n g t h  p r o p e r t i e s .  No a p p a r e n t  s a t u r a t i o n  is  
obs e rved  in t h e  ou t pu t  s i g n a l s  from t h i s  c i r c u i t  even a t  r a t h e r  h igh  
l i g h t  l e v e l s .
Othe r  e l emen t s  in t h e  sys t em which were not  d i s c u s s e d  in d e t a i l  
a r e  a s  f o l l o w s :
a)  T e k t r o n i x  519 and T e k t r o n i x  555 o s c i l l o s c o p e s  which were 
used in c o n j u n c t i o n  w i t h  T e k t r o n i x  P o l o r o i d  Camera f o r  r e c o r d i n g  d a t a .
b) Ther-Monic I n du c t i on  H e a t e r  Model 50,1 kw o u t p u t .  T h i s  
was a commercial  model on ly  mo d i f i e d  s l i g h t l y  f o r  t h e  conven i ence  of  
o p e r a t i o n  in t h i s  a p p l i c a t i o n .
c )  A war s u r p l u s  800 c y c l e  mot or  g e n e r a t o r  r e q u i r e d  t o  d r i v e  
t h e  r a d a r  m o d u l a t o r .
d) A h i gh  v o l t a g e  power s upp l y  a v a i l a b l e  in t h e  l a b o r a t o r y .
The c i r c u i t  i s  unknown t o  t h e  a u t h o r ,
e)  Dumont Model 29 - l A  power s up p l y  which was mo d i f i e d  only 
s l i g h t l y .  A c i r c u i t  d iagram of  t h i s  power s upp l y  i s  i n s e r t e d  w i t h o u t  
d i s c u s s i o n .  F i g u r e  14.
S ^s id n e y  S i n g e r  "Measurements  o f  R i s e  and Decay Time of  Three  
F a s t  S c i n t i l l a t o r s  i n c l u d i n g  a S p e c i a l  P l a s t i c . "  R e p o r t  under  C o n t r a c t  
W-7405 -  Eng.  36 a t  Los Alamos,  New Mexico ( 1954) .
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The E l e c t r o n i c  C i r c u i t r y  As A Whole
The e l e c t r o n i c s  f un c t i o n e d  very wel l  d u r i n g  a r a t h e r  long p e r i o d  
of  a d j u s t m e n t ,  ca t hode  a c t i v a t i o n ,  and t h e  t a k i n g  of  d a t a .  When t h e  new 
e x c i t a t i o n  t u b e  was be i ng  a c t i v i t e d  t h e  e l e c t r o n i c s  were l e f t  on day and 
n i g h t  f o r  s e v e r a l  days t o  age t h e  ca t hode  and d i s l o d g e  i m p u r i t i e s  from 
t h e  e x c i t a t i o n  t ube  e l e m e n t s .  The r e  was no a p p a r e n t  e f f e c t  on t h e  ope r ­
a t i o n  of  t h e  e l e c t r o n i c  c i r c u i t s  ove r  t h i s  e x t ended  p e r i o d  of  o p e r a t i o n .  
T h i s  ca t hode  ag i ng  p r o c e s s  cou l d  have been comple ted  much more q u i c k l y  
i f  a h i g h e r  r e p e t i t i o n  r a t e  on t h e  p u l s e  c i r c u i t s  could  be a t t a i n e d .  In 
f u t u r e  d e s i g n s  more c a r e f u l  a t t e n t i o n  should  be g iven  t o  t h e  r ec o v e ry  
t i me  r e q u i r e d  by t h e  p u l s e  c i r c u i t s .  A p u l s e  r a t e  of  20 t o  60 c y c l e s  
p e r  second would be h e l p f u l  in t h e  ag i ng  p e r i o d s  and very b e n e f i c i a l  
d u r in g  t h e  a l i gnment  p r o c e d u r e .  The p r e s e n t  a l i gnme n t  p r oc e d u re  i s  d i f f i ­
c u l t  because  of  memory l a pse  between s u c c e s s i v e  t r a c e s  a t  t h e  1 s ec  
r e p e t i t i o n  r a t e .  Thus minor  a d j u s t m e n t s  which cou l d  be s t u d i e d  e a s i l y  
a t  a 20 t o  60 c y c l e  r a t e  a r e  q u i t e  d i f f i c u l t  w i t h  t h e  p r e s e n t  t i mi ng  
c i r c u i t s  w i t h o u t  t h e  use  of  m u l t i p l e  exposure  pho t og r aphs  t o  show t h e  
t r e n d s  produced by t h e s e  a d j u s t m e n t s .
CHAPTER IV
DATA AND ANALYSIS 
P e r i p h e r a I  I n f o r ma t io n  from Data  Curves
A d i s c u s s i o n  of  t h e  s p e c i a l  p r e c a u t i o n s  t a k e n  p r i o r  t o  t h e  
t a k i n g  of  d a t a  as  wel l  as  t h e  p r ocedu r e  f o r  t a k i n g  d a t a  i s  d i s c u s s e d  
in Appendix VI .
At t h i s  p o i n t  a somewhat d e t a i l e d  d i s c u s s i o n  of  t h e  a c t u a l  
d a t a  cu r ve s  w i l l  be g iven a l ong  w i t h  t h e i r  i n t e r p r e t a t i o n .  The 
a c t u a l  d a t a  o b t a i n e d  from t h e  sys t em as  a whole i s  in t h e  form of  
p ho t og r a phs  o f  t h e  o s c i l l o s c o p e  d i s p l a y  of  t h e  p h o t o m u l t i p l i e r  o u t p u t  
s i g n a l .  The d a t a  f o r  s i x  d i f f e r e n t  s p e c t r a l  l i n e s  t a ken  f o r  f ou r  
d i f f e r e n t  p r e s s u r e s  i s  given in f i g u r e s  15,  16,  and 17.  The r e a d e r  is 
c a u t i o n e d  t o  obse rve  t h e  d i f f e r e n t  t ime base  used on t h e  s i n g l e t  c u r ve s  
from t h a t  used f o r  a l l  t r i p l e t  c u r v e s .
The use of  t h e  T e k t r o n i x  555 dual  beam o s c i l l o s c o p e  made i t  
p o s s i b l e  t o  r ec o r d  t h e  b i a s  s i g n a l  as  wel l  a s  t h e  l i g h t  decay c u r v e .  
T h i s  e x t r a  b i t  of  i n f o r ma t i on  a l l o w s  a more d e t a i l e d  a n a l y s i s  t h a n  
t h e  decay cu r ve  a l on e  cou l d  g i v e . 3 5
^ ^ I t  shou l d  be p o i n t e d  out  t h a t  t h e  t i me  r e s o l u t i o n  o f  t h e  
b i a s  s t e p  s i g n a l  p r e a m p l i f i e r  i s  not  n e a r l y  so good as  t h a t  of  t h e  
l i g h t  I n t e n s i t y  curve  p r e a m p l i f i e r .  Thi s  was c l e a r l y  s een  when t h e  
two t r a c e s  were s yn c h r on i z e d  by a p p l y i n g  t h e  b i a s  s t e p  t o  both  c i r ­
c u i t s  s i m u l t a n e o u s l y .  Thi s  d i f f e r e n c e  i s  t h e  r e s u l t  o f  u s i n g  d i f f e r e n t  
t y p e s  o f  p l u g - i n  p r e a m p l i f i e r  u n i t s  in t h e  o s c i l l o s c o p e .  The a c t u a l  
r i s e  t i me  of  t h e  b i a s  s t e p  f u n c t i o n  as  mon i to r e d  on t h e  T e k t r o n i x  519 
i s  t r u l y  ve ry  c l o s e  t o  5 n - s e c .
81
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In o r d e r  t o  a i d  in t h e  s e p a r a t i o n  o f  s t a t i s t i c a l  f l u c t u a t i o n s  
in t h e  l i g h t  s i g n a l  from t r u e  d e v i a t i o n s  caused  by o t h e r  means each
l i g h t  decay c u r ve  i s  an o v e r l a y  of  from t h r e e  t o  f i v e  t r a c e s .  The ze ro
I
l i g h t  r e f e r e n c e  i s  o b t a in ed  by t a k i n g  a second exposu r e  on t h e  same 
pho t og r aph  w h i l e  an opaque c a r d  has been s l i d  between t h e  p h o t o m u l t i ­
p l i e r  and t h e  e x c i t a t i o n  t u b e .  Thus each pho t ograph  i s  made up of  
t h r e e  c u r v e s ;  a )  t h e  o v e r l a i d  l i g h t  c u r v e s ,  b) t h e  z e r o  l i g h t  r e f e r ­
ence curve,  and c )  t h e  b i a s  s t e p .
In c a r r y i n g  out  t h e  exper i men t  both  t h e  upper  and lower beams 
a r e  d r iv e n  by t h e  same sweep c i r c u i t  so t h e r e  i s  no chance  of  mal­
a d j u s t m e n t  o f  t h e  t i me  s y n c h r o n i z a t i o n  between t h e  two c u r v e s .
There a r e  s e v e r a l  o b s e r v a t i o n s  which can be made w i t h  r e g a r d  
t o  t h e  pho t ographs  b e f o r e  a d i s c u s s i o n  o f  t h e  a c t u a l  decay t ime d a t a  
i s  p r e s e n t e d .
The p r e s e n c e  of  s t a t i s t i c a l  n o i s e  on t h e  l i g h t  cu r ve s  w i t h
i t s  a p p a r en t  a b s en c e  on t h e  z e r o  l i g h t  t r a c e  c l e a r l y  i n d i c a t e s  t h a t
t h e  e l e c t r o n i c  c i r c u i t s  have s u f f i c i e n t  t i me  r e s o l u t i o n  t o  fo l l ow any
*
l i g h t  decay shown.  A pho t ograph  o f  t he  5016A cu r ve  a t  very  f a s t  sweep
s pe e ds  showed t h a t  t h i s  i s  t r u e  f o r  t h a t  cu r ve  as  wel l  a l t ho u gh  i t
i s  no t  obvious  from t h e  cu r ve s  p r e s e n t e d  h e r e .
The second o b s e r v a t i o n  i s  t h a t  t h e  h igh  p r e s s u r e  t r i p l e t  cu r v e s
do not  decay Immedia t e ly  a f t e r  t h e  b i a s  i s  a p p l i e d  a t  h igh  p r e s s u r e .
T h i s  has  been d i s c u s s e d  in d e t a i l  in t h e  t h e o r y  of  t h e  o p e r a t i o n  o f  t h e
e x c i t a t i o n  t u b e  on pages  49 and 50 of  Ch ap t e r  11.
Another  o b s e r v a t i o n  i s  t h a t  t h e r e  i s  a s l o w l y  decay i ng  t a i l
on each c u r v e .  T h i s  t a i l  i s  a p p a r e n t l y  made up J o i n t l y  of  a s l o w l y
de c a y i n g  l i g h t  s i g n a l  and a p h o t o m u l t i p l i e r  s i g n a l .  Tha t  t h i s  i s  t r u e
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can be seen  by t h e  f o l l owi ng  two e x p e r i me n t s  t h a t  have been c a r r i e d  
o u t .  Hold ing  t h e  t ime s equence  c o n s t a n t  on t h e  e x c i t a t i o n  p u l s e ,  t h e  
p h o t o m u l t i p l i e r  p u l s e  and t h e  b i a s  s t e p ,  a v a r i a t i o n  in t h e  p h o t o m u l t i ­
p l i e r  v o l t a g e  produced  an a p p a r e n t  change in t h e  r e l a x a t i o n  t i me  on 
t h e  t a i l .  Th i s  c l e a r l y  i n d i c a t e d  t h a t  a t  l e a s t  p a r t  of  t h e  t a i l  s i g n a l  
i s  a p r o p e r t y  o f  t h e  p h o t o m u l t i p l i e r .  The second exper i ment  i nvo l ved  
a p p l y i n g  t h e  b i a s  s i g n a l  t o  t h e  e x c i t a t i o n  t ube  b e f o r e  t h e  p h o t o m u l t i ­
p l i e r  i s  t u r n e d  on.  When t h e  p h o t o m u l t i p l i e r  was t u r n e d  on a weak 
de c a y i n g  s i g n a l  was obse rved  which cou l d  be e l i m i n a t e d  c o m p l e t e l y  by 
c u t t i n g  out  t h e  l i g h t  from t h e  e x c i t a t i o n  t ube  w i t h  t h e  opaque c a r d .
The r a t e  of  decay o f  t h i s  t a i l  s i g n a l  was much s lo w e r  t han  t h e  decay 
o f  t h e  a c t u a l  l i g h t  cu r ve  when t h e  b i a s  s t e p  was i n i t i a t e d  a f t e r  t h e  
p h o t o m u l t i p l i e r  was t u r n e d  on.  Thus i t  becomes obv ious  t h a t  t h e  t a i l  
i s  composed o f  a s l owl y  de c a y i ng  l i g h t  s i g n a l  and a p h o t o m u l t i p l i e r  
s i g n a l .  U n f o r t u n a t e l y  no meaningfu l  d a t a  may be e x t r a c t e d  from t h e  
t a i l s  of  t h e s e  p h o t og r aphs  u n t i l  more i s  known about  t h e  c o n t r i b u t i o n  
due t o  p h o t o m u l t i p l i e r  a f t e r - p u l s e s .
#
A f i n a l  o b s e r v a t i o n  i s  t h a t  f o r  t h e  5016A l i n e  t h e r e  i s  an 
obv ious  f l a t t e n i n g  of  t h e  t a i l  cu r ve  a t  around 250 n - s e c  which p e r s i s t s  
t o  about  500 n - s e c  when t h e  cu r ve  beg i ns  t o  f a l l  a g a i n .  In f a c t ,  a t  
t h e  lowes t  p r e s s u r e  t h i s  zone seems t o  p r ov i d e  a s l i g h t  r i s e  in t h e  
t a i l  s i g n a l .  T h i s  t r e n d  a p p e a r s  in t h e  4922Â cu r ves  t oo  but  s t a t i s ­
t i c a l  n o i s e  o bs c u r e s  i t  a t  low p r e s s u r e s .  The t r i p l e t  cu r ve s  seem t o  
l ack  any d e f i n i t e  t endency  in t h i s  d i r e c t i o n .  The r e a d e r  shou l d  be 
c a u t i o n e d  t h a t  t h e  s i n g l e t  c u r v e s  a r e  o b t a i n e d  a t  d i f f e r e n t  sweep 
s p e e d s  from t h e  t r i p l e t s  t h e r e f o r e  t h i s  must  be t a k e n  i n t o  acc oun t  when 
compar ing d a t a  between t h e s e  two s e t s  o f  c u r v e s .  A n o t h e r  p o i n t  s ho u l d
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be emphasized as  w e l l .  The p r e s s u r e s  a r e  McLeod gauge r e a d i n g s  and 
must  be c o r r e c t e d  t o  a round 1100*K t o  o b t a i n  p a r t i c l e  d e n s i t i e s  in 
t h e  e x c i t a t i o n  zone.
A f i n a l  o b s e r v a t i o n  may be made.  I t  i s  t h a t  t h e  amount of  
p i c k - u p  s i g n a l  shown on t h e  ze r o  l i g h t  t r a c e  i n d i c a t e s  t he  changes  
in t h e  a m p l i f i c a t i o n  o f  t h e  o s c i l l o s c o p e  so i t  can p r o v i d e  r e l a t i v e  
a m p l i t ud e  i n f o r ma t i on  i f  i t  i s  eve r  d e s i r a b l e  f o r  f u r t h e r  a n a l y s i s  of  
t h e s e  c u r v e s .
Li f e t  ime I n f o r ma t i on  From Data Curves
In o r d e r  t o  o b t a i n  l i f e t i m e  d a t a  from t h e  p h o t og r aphs  t h e y  were 
p r o j e c t e d  on to  an 8 x 11 s h e e t  of  p a p e r  and a c a r e f u l l y  s k e t c h e d  ave rage  
c u r ve  was drawn th rough  t h e  c e n t e r  o f  t h e  s t a t i s t i c a l  n o i s e .  The same 
was done f o r  t h e  r e f e r e n c e  c u r v e .  Then w h i l e  t h e  c u rv e  was s t i l l  be ing 
p r o j e c t e d  a s t r a i g h t  edge was a l i g n e d  w i t h  t h e  g r a t i c l e  marks and 25 t o  
30 v e r t i c a l  l i n e s  were drawn between t h e  two c u r v e s .
Ampl i tudes  were measured a t  each o f  t h e s e  30  d i v i s i o n s  and 
t h e i r  d a t a  was p l o t t e d  on semi l o g a r i t h m i c  graph p a p e r .
Al l  o f  t h e  c u r ve s  were complex so by an i t e r a t i v e  p r oc e du r e  
t h e  t a l l  cu rve  was approx i mat ed  by a s t r a i g h t  l i n e  which when s u b t r a c t e d  
from t h e  s t r o n g  l i g h t  s i g n a l  gave a good s t r a i g h t  l i n e  graph of  t h e  
d i f f e r e n c e .  The mean l i f e  f o r  t h i s  f i n a l  cu rve  was i n t e r p r e t e d  as  t h e  
r e l a x a t i o n  t i me  f o r  t h e  s t a t e .
The p rocedure  was a p p l i e d  t o  a s y n t h e t i c  c u rv e  made up of  two 
s t r a i g h t  l i n e s  p l o t t e d  on semi l o g a r i t h m i c  p a pe r  and t r a n s f e r r e d  t o  an­
o t h e r  g r aph .  In e x t r a c t i n g  t h e  d a t a  from t h i s  c u r ve  t h e  a c c u r a c y  of  t h e  
f i r s t  component was w i t h i n  105& of  t h e  o r i g i n a l  v a l u e  w h i l e  t h e  d a t a  on 
t h e  t a i l  was somewhat l e s s  a c c u r a t e .  T h i s  method o f  a n a l y s i s  t h e r e f o r e
88
seemed t o  y i e l d  r e s u l t s  c o m p a t i b l e  w i t h  t h e  o t h e r  i n a c c u r a c i e s  p rov ided  
by t h e  s t a t i s t i c a l  n o i s e  and hand t r a c i n g  of  t h e  c u r v e s .
The d a t a  o b t a i n e d  in t h i s  manner  ^ r e  p l o t t e d  in F i g u r e  18.
S i n c e  t h e  d a t a  p o i n t s  were q u i t e  s c a t t e r e d  t h e y  have been connec t ed  
by s t r a i g h t  l i n e s  in o r d e r  t o  i n d i c a t e  which p o i n t s  a pp l y  t o  a given 
s p e c t r a l  l i n e .  On t h e  same f i g u r e  t h e  a v e r ag e  l i v e s  and t h e i r  mean 
d e v i a t i o n s  a r e  p l o t t e d .  Data  from t h e  c o i n c i d e n c e  t e c h n i q u e s  s t u d i e s  
o f  Heron,  McWhir t cr ,  and R h o d e r i c , ^ ^  and o f  Be nne t t  and Dalby^^  a r e  
a l s o  g iven  on t h i s  same g ra p h .  I t  s h o u l d  be p o i n t e d  out  t h a t  t h e  
o b s c i s s a  o f  t h e s e  a v e r ag e  v a l u e s  on t h e  graph i mp l i e s  n o t h i n g  about  
t h e  p r e s s u r e s  used in f i n d i n g  them.
I t  can be seen  t h a t  w h i l e  t h e r e  i s  g e n e r a l  agreement  between 
t h e  4713Â and t h e  3889Â d a t a  o b t a i n e d  in t h i s  l a b o r a t o r y  w i t h  t h a t  
o f  t h e  o t h e r  two g r oups ,  t h e  mean v a l u e s  o b t a i n e d  in t h i s  l a b o r a t o r y  
t e n d  t o  y i e l d  l onge r  l i v e s  t h a n  a r e  quo t e d  from t h e s e  o t h e r  s o u r c e s .
e
I f  b e s t  f i t  s t r a i g h t  l i n e s  were drawn t h r ou g h  t h e  4713A and
O
t h e  3889A l i n e s  as  an e x t r a p o l a t i o n  t o  z e r o  p r e s s u r e  t h e r e  would be 
b e t t e r  agreement  between t h e  d a t a  from t h e  v a r i o u s  s o u r c e s .  The 
only  J u s t i f i c a t i o n  f o r  such  a downward e x t r a p o l a t i o n  is  t h a t  t h e  p r e s ­
s u r e  dependant  c u t o f f  t i me  might  be r e f l e c t e d  in t h e  c u r v a t u r e  o f  t h e  
l i g h t  decay c u rv e  in such a way t h a t  t h e  g r a p h i c a l  a n a l y s i s  does  not  
remove i t .  I f  t h i s  i s  t r u e  t h e n  t h e  e x t r a p o l a t i o n  i s  J u s t i f i e d  and 
t h e  o v e r a l l  c o n s i s t e n c y  in d a t a  from t h e  v a r i o u s  l a b o r a t o r i e s  i s  good.
The 5876A l i n e  which a r i s e s  from t h e  r a p i d  decay o f  t h e  3 0 
l eve l  shows an o r d e r  of  magni tude  d i s c r e p a n c y  however  and d e s e r v e s
36q£ .  C i t .





S p w o - ? 9 5 0 V 8 M  v Q i ^ e x e / » j /
f  , .1 ! . . i  I  ^  ^54" s4-
2^fW/
« « P f
I Z t k
e m
6 B B S I = I
P l / b ’ 9 2 8 ^
CUk
4
giy£ l2k l •— 4






i î  h
•  r !
T








9ios  1 J
m  t
a ;  o




c a r e f u l  s t u d y .  A look a t  t h e  p o s i t i o n  of  t h e  l i n e  in t h e  he l ium spec t rum 
as  shown in F i g u r e  19 c l e a r l y  i n d i c a t e s  t h a t  i t  s t a n ds  a l o n e .  T h e r e f o r e ,  
t h e  obvious  f i r s t  a s sumpt i on  o f  hav i ng  p i cked  e i t h e r  t h e  wrong l i n e  
o r  more t h a n  one l i n e  w i t h  t h e  o p t i c a l  f i l t e r  must  be e l i m i n a t e d .
The work done in Glascow by Heron e t .  a l .  showed a d i s t i n c t  
r a p i d  component  which t h e y  i n t e r p r e t e d  as  t he  n a t u r a l  l i f e  of  t h e  3^0 
s t a t e  which was fo l l owed  by a very  s low decay component which they  
a t t r i b u t e d  t o  f l o u r e s c e n c e  of  t h e  w a l l s .  No such sha rp  l e a d i n g  edge 
i s  appa r e n t  on t he  pho t og r aphs  t a ken  in t h i s  l a b o r a t o r y .  I f  one i n t e r ­
p r e t s  t he  156 n - s e c  r e l a x a t i o n - t i m e  found in t h i s  l a b o r a t o r y  a s  be ing 
due t o  c a s c a d i n g  from h i g h e r  l e v e l s  t hen  t h e  absence  of  a sudden drop 
a t  t he  o u t s e t  would seem t o  i n d i c a t e  t h a t  one o f  two p r o p e r t i e s  p e c u l i a r  
t o  our  e x c i t a t i o n  scheme i s  o b s c u r i n g  i t .  E i t h e r  t h e  3^0 s t a t e  i s  not  
be i ng  e x c i t e d  t o  any g r e a t  e x t e n t  by e l e c t r o n  impact  o r  t h e  t i me  r e s o l ­
u t i o n  of  t h e  e l e c t r o n  c u t o f f  f o r  t h e  t r i p l e t  s t a t e s  is  so poor  t h a t  
t h e  f a s t  decay is obscured  by c o n t i n u e d  e x c i t a t i o n  which d e c r e a s e s  more 
s l o w l y . 38 In t h i s  i n s t a n c e  a combina t i on  of  bo th  e f f e c t s  might  be 
j u s t i f i e d .  However t h e  comple t e  abs ence  of  t h e  e a r l y  r a p i d  decay r e ­
mains  t r u e  even down t o  t h e  lowest  p r e s s u r e  where t h e  c u t o f f  t ime 
r e s o l u t i o n  i s  assumed t o  be good.
The p r e s en c e  of  a s t r o n g  c a s c a d i n g  e f f e c t  in t h i s  work which 
was not  p r e s e n t  in t h e  work of  Heron e t .  a l .  can be J u s t i f i e d  on two 
grounds .  F i r s t  t h e  e l e c t r o n  beam energy  was a d j u s t e d  f o r  peak e x c i t a t i o n  
of  each l i n e  be ing s t u d i e d  in Glascow w h i l e  t h e  e x c i t a t i o n  ene rgy  in 
t h i s  l a b o r a t o r y  was f a r  g r e a t e r  t h a n  peak and t h e r e b y  shou ld  not  give
^®See t h e  t h e o r y  of  c u t o f f  in Ch a p t e r  I I ,  page 49 f o r  t h e  
r e a s o n  t r i p l e t  and s i n g l e t  l i n e s  show d i f f e r e n t  e f f e c t s .
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f a v o r a b l e  p r e f e r e n t i a l  e x c i t a t i o n .  The second p o i n t  i s  t h a t  t he  e x c i t a t i o n  
s ou r c e  used in t h i s  l a b o r a t o r y  was a s t e p  f u n c t i o n  o r  a t  l e a s t  a ve ry  broad 
p u l s e  of  two o r d e r s  of  magni tude  g r e a t e r  t ime d u r a t i o n  tha n  t h a t  used in 
t h e  c o i n c i d e n c e  t e c h n i q u e .  As was p o i n t e d  out  in t h e  t h e o r y  s e c t i o n  t h e  
b u i l d  up t o  c o n s t a n t  s t a t e  d e n s i t i e s  r e q u i r e s  con t i n u e d  e x c i t a t i o n  f o r  
s e v e r a l  n a t u r a l  l i v e s  o f  t h e  s t a t e  be ing  c o n s i d e r e d .  In t h i s  i n s t a n c e  
t h e  20 n - s e c  e x c i t a t i o n  p e r i o d  employed by Heron e t .  a l .  was no t  long 
enough t o  b u i l d  up any a p p r e c i a b l e  f r a c t i o n  of  t h e  s t e a d y - s t a t e  d e n s i t y  
of  t h e  156 n - s e c  component  c a s c a d i n g  i n t o  t h e  3^0 .  Our 1500 n - s e c  e x c i t ­
a t i o n  t i me  more t han  p r o v i d e d  enough t ime f o r  s t e a d y - s t a t e  d e n s i t i e s  t o  
be r eac hed  f o r  t h e  156 n - s e c  upper  l e v e l s .
Once i t  became c l e a r  t h a t  c a s ca d i n g  shou l d  p r o v i d e  t h e  key t o  
t h e  a p p a r e n t  d i s c r e p a n c y  between t h e  a p p a r e n t  r e l a x a t i o n  t i me s  o f  t h e  
3^0 s t a t e  t h e  a u t h o r  c o n ve r t e d  t h e  o s c i l l a t o r  s t r e n g t h s  g iven  f o r  he l ium 
in L a n d o l t - B o r n s t e i n ^ *  t o  t r a n s i t i o n  p r o b a b i l i t i e s  and from them d e t e r ­
mined t h e  n a t u r a l  l i v e s  of  t h e  s t a t e s .  Both t h e  l i mi t ed  r ange  of  t h e  
t a b l e  and obvious  t a b u l a t i o n  e r r o r s  of  t h e  5^S*^2^P and t h e  5^P"^3^S 
o s c i l l a t o r  s t r e n g t h s  l e ave  t h e  p i c t u r e  q u i t e  i ncomple t e .  But t h e  d a t a  
t h a t  was o b t a i n e d  g i ve  some c l u e s  as  t o  where t h e  so u r c e  might  be .  T h i s  
i n f o r m a t i o n  i s  shown in F i g u r e  20 where t he  computed v a l u e s  a r e  g iven  on 
t h e  ene rgy  l eve l  l i n e s  w h i l e  t h e  expe r i me n t a l  r e l a x a t i o n  t i me s  a r e  g iven  
on t h e  s p e c t r a l  t r a n s i t i o n  l i n e s  s t u d i e d  t o  d e t e r mi ne  t h e  l i v e s  of  t h e  
upper  l e v e l .  I t  i s  c l e a r  from t h i s  di agram t h a t  both t h e  4471A l i n e
e
and t h e  5876A l i ne  e x p e r i e n c e  t h e  same t ype  of  c a s ca d i n g  e f f e c t s .
^ ^ 0 £ . Cj_t.
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Even t h e  t r e n d s  a r e  t h e  same in t h e  p r e s s u r e - l i f e - t i m e  graph but  t h i s  
might  wel l  be f o r t u i t o u s  e r r o r  in t h e  e x t r a c t i o n  of  d a t a  from t h e  p ho t o ­
g r ap h s .
C l e a r l y  t he  t r e n d s  toward l onge r  n a t u r a l  l i v e s  as  t h e  n v a l u e s  
i n c r e a s e  seem t o  i n d i c a t e  t h a t  t h e  bulk of  t h e  c a s c a d i n g  components  
must  come from local  l e v e l s  such as  t h e  5^F or  t h e  4^P.  Not enough 
i n f o r ma t i o n  i s  now known about  e x c i t a t i o n  c r o s s  s e c t i o n s  t o  make an 
a c c u r a t e  a n a l y s i s  of  t h e  upper  P and F level  d e n s i t i e s  but  t h e  d a t a  
c l e a r l y  p o i n t s  t o  a very  smal l  c o n t r i b u t i o n  from t h e s e  l a r g e  n l e v e l s .
A much more c a r e f u l  s t u d y  of  t h e  t a i l s  on t h e  l i g h t  c u r v e s  mi gh t  be 
c a r r i e d  out  in o r d e r  t o  de t e r mi ne  something of  t h e  d e n s i t i e s  of  t h e s e  
upper  l e v e l s .  There  w i l l  need t o  be some changes  in t h e  p r e s e n t  in­
s t r u m e n t a t i o n  be f o r e  such a s t u d y  can be c a r r i e d  out  because  of  t he  
a p p a r e n t  p h o t o m u l t i p l i e r  a f t e r - p u l s e  c o n t r i b u t i o n .  The prob lem appea r s  
t o  be f a r  from insu rmoun t ab l e  however .
Thus in c o nc l us i on  a v e r y  d i r e c t  method has been d e v i s e d  f o r  
me asur i ng  a t omic  l i v e s  w i t h  a g r e a t  deal  of  f l e x i b i l i t y  be i ng  b u i l t  
i n t o  t h e  s ys t em.  The r e s u l t s  o b t a i n e d  c l e a r l y  i n d i c a t e  t h e  v a l i d i t y  
o f  t h e  method whi l e  a t  t h e  same t i me  t h e  s t e a d y  s t a t e  c o n d i t i o n s  show 
up as  d i s t i n c t  from s h o r t  p u l s e  c o n d i t i o n s  in a way t h a t  i n d i c a t e s  t h a t  
c a s c a d i n g  p o p u l a t i o n  of  s t a t e s  may be a much more i mpor t an t  e f f e c t  than  
d i r e c t  e x c i t a t i o n  f o r  c e r t a i n  s t a t e s  and a t  c e r t a i n  e l e c t r o n  e n e r g i e s .
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APPENDIX I
LIGHT INTENSITY FROM A CYLINDRICAL RADIATOR
In t h i s  exp e r i me n t a l  work i t  was d e s i r a b l e  t o  f i n d  t h e  t o t a l  
l i g h t  i n t e n s i t y  a t  some p o i n t  e x t e r n a l  t o  a c y l i n d r i c a l  r a d i a t i n g  
sys t em which cou l d  r a d i a t e  u n i f o r ml y  t h r o u gh ou t  i t s  volume.  I t  is 
assumed t h a t  none of  t h e  r a d i a n t  ene rgy  i s  a bs o r be d  w i t h i n  t h e  
c y l i n d e r .  Ano t he r  c o n s i d e r a t i o n  i n c o r p o r a t e d  in t h i s  d e r i v a t i o n  
i nvo l ves  t h e  use  o f  an i r i s  which e l i m i n a t e s  l i g h t  e x t e r n a l  t o  a 
t r u n c a t e d  cone a t  t h e  end o f  t h e  c y l i n d e r .
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DATA ON ATOMIC HELIUM
Number of  
p a r t i c l e s / c c  
a t  273“ K
1 1 u r r  
35 . 33x10^5
. 1J  1o r r
4 . 59x10^5
----- —1 u r r  -—
3. 25x10^5
,yjD(. l o r r
2 . 01x10^5
. u j o  l o r r
1.34x10^5
At 1100“ K B. a x i c J S 1.14x10^5 .BlxlO^S .502x10^5 .334x10^5
Mean f r e e  pa t h  
o f  He atom in He 
a t  273“ K . 176  mm .135cm .1915cm .309cm .463cm
At 1100“ K .855 mm .65Bcm .93 cm 1 .5cm 2.25cm
1o n s / e l e c t r o n - c m 1. 256  (lOOV) .632 .1155 .0715 .0477
273“ ( a t  l lOV) 1;245 (lOOV) .162 .1145 .0709 .0474
1;22  (90v) - - - -
1 .173 (SOv) .153 .083 .0671 .0448
1100“ K .311 ( l l Ov) . 0404 .0286 .0177 .0118
l o n s / e l e c t r o n  cm . 309  ( (100*) .0402 .0284 .0176 .1175
.303 (90v) .0393 .0278 .01725 .0115
. 292  (BOv) .038 .02685 .0166 .0111
V e l o c i t y  o f  a toms V 1100“ K =  2 . 41x10^  cm/sec (v (40)
The S u t h e r l a n d  e q u a t i o n  f o r  t h e  r a t i o  of  mean1 f r e e  p a t h s  7 l / x 2  =  T i ( T 2 f € ) / T 2 ( T i + C ) ,  C =  80 f o r  Hel ium
Number of  p a r t i  c l e s / c c o b t a i n e d  from AvogadroI ' s  Number and t h e  Ideal  Gas Laws.
i o n i z a t i o n  e f f i c i e n c y  o b t a i n e d  from P .  T .  S mi t h .
4 0^ ,  von Engel  -  I on i ze d  Gases  -  The Cla r endon  P r e s s  ( 19 5 5 ) .  
41p .  T.  Smi t h ,  Phys .  Rev.  36 1293-1299 (1 9 3 0 ) .
APPENDIX I I I
SOME CONSIDERATIONS CONCERNING THE TREATMENT OF RADIATION
IMPRISONMENT IN THE RELAXATION TIME EQUATION
R a d i a t i o n  imprisonment  o r  b l oc ka d i ng  i s  t h e  r e s u l t  of  t he  
r e c a p t u r e  of  pho tons  w i t h i n  t h e  r a d i a t i n g  gas  t h r ough  p h o t o e x c i t a t i o n  
of  o t h e r  atoms of  t h e  same g a s .  Thus t h e  l i g h t  which might  no r ma l l y  
be e xpe c t e d  t o  r a d i a t e  in a s t r a i g h t  l i n e  from w i t h i n  a gas a c t u a l l y  
only d i f f u s e s  t h r ough  random c a p t u r e  and r e r a d i a t  ion p r ov i de d  t h e r e  
i s  a l a r g e  enough d e n s i t y  o f  a toms which can r e s u l t  in t h i s  c a p t u r e  
phenomena.
In e s s e n t i a l l y  a l l  of  t h e  l a b o r a t o r y  d i s c h a r g e s  t h e  only atoms 
which a c q u i r e  a l a r g e  enough d e n s i t y  t o  become impor t an t  in i mpr i son­
ment c o n s i d e r a t i o n  a r e  t h e  ground s t a t e  a t oms .  I t  i s  t h e r e f o r e  t he  
r e s ona nc e  r a d i a t i o n  which s u f f e r s  impr i sonment .
i f  one assumes f u l l  b l o c k a d i n g  t h e  r a t e  of  l o s s  of  s t a t e s  of  
an upper  l eve l  i s  e x a c t l y  matched by a r e g a i n  of  t h o s e  s t a t e s  in 
n e i g h b o r i n g  atoms t h r o u g h  t h e  r e a b s o r p t i o n  o f  t h i s  r a d i a t i o n .  Thus 
t h e  =  0 f o r  t h e  gas as  a whole .  Thus s i n c e  =-AioNi
in t h e  usua l  s e n s e ,  t h i s  i m p l i e s  t h a t  f o r  t h e  sys t em as  a whole A|o=0.
I f  a gas has  been e x c i t e d  t o  a l l  l e v e l s  and sudden l y  t he  
e x c i t a t i o n  i s  c u t  o f f  t h e  t o t a l  number of  e x c i t e d  atoms p lu s  t h e  num­
be r  of  r e s on a n c e  photons  w i l l  a lways  be t h e  same under  t h e  c o n d i t i o n
of  f u l l  b l o c k a d i n g .  What w i l l  happen of  c o u r s e  w i l l  be t h a t  t h r ough
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br an c h i ng  a l l  r e s on a n c e  l e v e l s  above t he  lowest  r e s ona nc e  l eve l  w i l l  
be d e p l e t e d  t h r ou g h  b r an c h i ng  t o  o t h e r  s t a t e s  where by t h e  emi s s i on  
of  one or  more pho tons  t hey  a r r i v e  back a t  a r e s onance  s t a t e .  Thus 
as  t i me  p r o g r e s s e s  n o n- r e s on a n c e  l i g h t  c o n t i n u e s  t o  e s cape  t h e  gas 
w h i l e  a l l  of  t h e  e x c i t e d  atoms a d j u s t  to  t h e  f i n a l  lowest  r e s ona nc e  
l e v e l .  At t h i s  p o i n t  t h e  atoms c o n t i n u e  t o  r a d i a t e  i n d i v i d u a l l y  
but  t h e  gas as  a whole does not  lose  ene r gy .  For  each e x c i t e d  s t a t e  
l o s t  t h e r e  is  a photon c r e a t e d  and f o r  each photon l o s t  a new atom 
is  e x c i t e d .
C l e a r l y  t h e r e  i s  no l a b o r a t o r y  s i t u a t i o n  which could  r e s u l t  in 
such a c o n d i t i o n  as  s t a t e d  above .  I f  p e r f e c t l y  r e f l e c t i n g  w a l l s  were 
p o s s i b l e  or  i f  t h e  d i mens ions  of  t h e  gas were very  l a r g e  indeed r e ­
l a t i v e  t o  t h e  d i f f u s i o n  l e ng t h  fo r  t h e  photon the n  t h e  c o n d i t i o n s  
might  be ap p r ox i ma t e d .  The d i f f u s i o n  of  energy t o  t h e  w a l l s  of  t h e  
v e s s e l  w i l l  a lways  d e p l e t e  t h e  gas of  i t s  energy  however .
With t h i s  knowledge I t  i s  wel l  t o  c o n s i d e r  what  a l t e r a t i o n s  
one might  make in t h e  l os s  r a t e  e q u a t i o n  which cou l d  account  f o r  t he  
depI e t  ion.
The s i m p l e s t  and most  d i r e c t  s o l u t i o n  f o l l ows  i f  one can assume 
t h a t  t h e  l os s  p r o c e s s  is  t r u l y  p r o p o r t i o n a l  t o  t h e  p a r t i c l e  d e n s i t y .
I f  t h i s  i s  t r u e  t he n  a c o e f f i c i e n t  A*iy o may be found f o r  t h i s  l o s s  
p r o c e s s  such t h a t  A: A * ^ ^  0 .  Using t h i s  sys t em l os s  p r o b a b i l i t y
c o e f f i c i e n t  one would be a b l e  t o  f i nd  t he  a pp a r e n t  l i f e  of  a s t a t e  in 
which imprisonment  and s pon t a ne ous  emiss i on  a r e  t h e  on ly  r a t e  p r o c e s s e s  
c o n t r i b u t i n g  t o  t h e  s t a t e  d e n s i t y  f un c t i o n  by t h e  f o l l ow i ng  s i mp l e  
e x p r e s s i o n .
where i t  i s
j=.i
102
c l e a r  t h a t  A*^o p l a y s  t h e  r o l l  of  t h e  A;^o which would be used i f  
impr isonment  d id  no t  p l a y  a p a r t .
The r a t e  o f  l os s  o f  pho tons  from a b lockaded  gas  w i l l  depend 
on two obvious  f a c t o r s :  a)  t h e  d i f f u s i o n  r a t e  which in t u r n  depends
upon t h e  ground s t a t e  p a r t i c l e  d e n s i t y ,  and b) t h e  d i s t a n c e  t h r ou g h  
which t h e  ene rgy  must  d i f f u s e  i . e .  t h e  d i mens i ons  o f  t h e  c o n t a i n e r .  
I t  t h e r e f o r e  becomes m e an i n g l e s s  t o  s t a t e  t h e  a p p a r e n t  r e l a x a t i o n  
t i me  b l oc ka d i ng  c o n d i t i o n s  w i t h o u t  g i v i n g  both  p r e s s u r e  and v e s s e l  
d imens ions  i f  a c o n s i s t e n c e  check i s  t o  be made from t h e o r y .
For  a more comple t e  d i s c u s s i o n  o f  t h e  d i f f u s i o n  of  r a d i a t i o n  
t h e  r e a d e r  i s  r e f e r r e d  t o  s e c t i o n  7 ,  page 225-227 o f  t h e  a r t i c l e  by 
P r o f e s s o r  R.  G. Fowl e r  e n t i t l e d  "Radi  a t  ion from Low P r e s s u r e  Di s ­
c h a r g e s "  in The Handbuch d e r  Ph y s i k  Vol .  22 (1956) .
APPENDIX IV
SPACE CHARGE POTENTIAL WITNIN CYLINDER ARISING FROM 
CHARGES PROJECTED RADIALLY INWARD WITN A FINITE 
INITIAL VELOCITY
In o r de r  t o  i n v e s t i g a t e  t h e  problem one w i l l  assume t h e  
cha r ge  t o  be c o n t i n u o u s  and having a de n s i t y^ ' ^  g iven  by t h e  f o l l ow ­
ing e x p r e s s i o n :
i /  V d i-
Here i i s  t h e  c u r r e n t ,  < ^ i s  t h e  a r e a  t h r ou g h  which t h e  cha rge
p a s s e s  wh i l e  v i s  t h e  v e l o c i t y  of  t h e  c h a r g e .  C l e a r l y  f o r  d i s c r e t e
c h a r g e s  one has
Ne 2  =  =  i /  v*_
where t h e  n o t a t i o n  i s  t he  same as in t he  g l o s s a r y  found in Ch a p t e r  I .
in o r de r  t o  s o l v e  t h e  problem t h e  end e f f e c t s  w i l l  be n e g l e c t e d
and t h e r e b y  t h e  i n f i n i t e  c y l i n d e r  e q u a t i o n s  w i l l  a p p l y .  I t  w i l l  be
assumed t h a t  t h e  c u r r e n t  i s  d i r e c t e d  r a d i a l l y  inward and t h a t  t h e r e
i s  a c e n t r a l  e l e c t r o d e  which w i l l  s e r v e  as  a s i n k .
The e q u a t i o n s  a r e  now p r e s e n t e d  in t e rms  of  t h e  r e q u i r e d  ex­
p r e s s i o n  fol lowed by v a r i o u s  e x p r e s s i o n s  which a r e  needed t o  s o l v e  f o r  
i t .  R
V( r )  =  - j  E^dr
0
where Ef =  r a d i a l  E l e c t r i c  f i e l d .
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-  1 /^  _ 
zrfKo r
T h i s  e x p r e s s i o n  i s  t h e  e q u a t i o n  f o r  t h e  r a d i a l  f i e l d  due to
c h a r g e  pe r  u n i t  l eng t h  q / £ . e n c l o s e d  in an i n f i n i t e  c y l i n d e r  o f  r a d i u s  r .
42I t  may be found in t e x t s  on E l e c t r i c i t y  and Magni t i sm.
0
and dq = ^ 2 T f r L d r  
Remembering t h a t
P  = \ /  V&.
where a =  2flrL in t h i s  c a s e  
and V = ' | ( E o - V c 0 ) 2 % ^
where Eq i s  t h e  energy p e r  u n i t  ch a r g e  e n t e r i n g  a t  r a d i u s  R t h e  o u t e r  
bound of  t h e  c y l i n d e r ,  one may w r i t e  dq in t h e  f o l l ow i ng  way.




F i g u r e  23
from which t h e  q ^  e x p r e s s i o n  may be found as  fo
“  -ir =  r





H. Harnwel I ,  P r i n c i p l e s  of  E l e c t r i c i t y  and Magnet ism 
(McGraw-Hi l l ,  1949) ,  p .  20 .
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and from t h i s  e x p r e s s i o n  V( r )  f o l l ows  in t h e  f o l l ow i n g  way.
t a k i n g  t h e  d e r i v a t i v e  of  each s i d e  one has
r
d w i   ________!—  r _ J _ _  o t v
d r  iTLU, ir  J
t r a n s p o s i n g  t h e  r  one has  ^
^  r
à * -  I I T  L K . 1 i & y  I E - . - V f r )
r«
and t a k i n g  a n o t h e r  r  d e r i v a t i v e  one has  t h e  d i f f e r e n t i a l  e q u a t i o n  
d e f i n i n g  V ( r ) •
^  J '  =
For  t he  d i f f e r e n t i a l  e q u a t i o n  above t h e  boundary p o t e n t i a l s  a r e
e s t a b l i s h e d  by t h e  p o t e n t i a l  on t h e  c e n t r a l  e l e c t r o d e  and on t h e  
e x t e r n a l  boundary .  I f  i t  s hou l d  occur  t h a t  t h e  Eq -  =  0 in t h e
i n t e r v a l ,  a s  w i l l  be t h e  c a s e  when t h e  cha r ge  r e a c h e s  a p o t e n t i a l  ba r ­
r i e r  e s t a b l i s h e d  by i t s  own space  cha rge  w i t h i n  t h e  c y l i n d e r ,  t he n
i n s t a b i l i t i e s  a r i s e .  C e r t a i n l y ,  much of  t h e  ch a r g e  w i l l  be t u r n e d
back r e v e r s i n g  i t s  inward c o u r s e .  I t s  v e l o s i t y  i s  s t i l l  e s t a b l i s h e d  
by ' I  1  ^  V* • c u r r e n t  t o  be employed in t h e
ch a r g e  d e n s i t y  e x p r e s s i o n  i s  2 \  where i i s  assumed t o  be t h e  c u r r e n t  
due t o  c h a r g e s  moving in one d i r e c t i o n  a l o n e  so long as  c y l i n d r i c a l  
symmetry can be a p p l i e d .  I f  t r u e  symmetry s hou l d  p e r s i s t  (a  c o n d i t i o n  
very  u n l i k e l y  because  of  t h e  i n s t a b i l i t i e s )  t h e n  t h e  boundary c o n d i t i o n  
a t  t h e  i nn e r  r eac h  of  t h e  s pa c e  cha r ge  w i l l  be 0 s i n c e  t h e r e  w i l l
be no c h a r ge  w i t h i n  t h a t  zone .
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Shou ld  t he  c h a r ge  d e n s i t y  be very  low t h e  v e l o c i t y  o f  t h e  
i n j e c t e d  c h a r g e s  might  no t  be a p p r e c i a b l y  changed by space  ch a r g e  
p o t e n t i a l .  Under  t h e s e  c i r c u m s t a n c e s ,  one f i n d s  t h a t  t h e  r a t h e r  
s i mp l e  r e s u l t  f o l l ows  immediate ly
r
1 f  -  — L C —  i'^3SSu*-'- e  rj,
o
^  Æ i r  __ 1  _______
"  ' 2 . r t K o ' ^  ~~ ^  Z T l K o V
v ( r )  =  - y -  ■ ' ü l ï ï E v -  
o
I t  must  be p o i n t e d  out  t h a t  t h i s  e x p r e s s i c r  holds  o n l y  i f  
Vr<^  Eo,  t h e  k i n e t i c  ene rgy  o f  t h e  incoming c h a r g e .
One c ou l d  now use  t h i s  approx i ma t e  e x p r e s s i o n  t o  s ee  i f  t he  
a c t u a l  problem in t h i s  r e s e a r c h  w i l l  a l l ow e l e c t r o n s  t o  p e n e t r a t e  
r a d i a l l y  t h r o u g h  t h e  e x c i t a t i o n  zone .  Assuming t h e  e l e c t r o n  energy  
i s  100 v o l t s  and l i k e w i s e  assuming t h e  t o t a l  impact  c u r r e n t  o f  2 ( . 9 }  
amperes  i s  i n v o l v e d ,  s i n c e  t h e  e l e c t r o n s  a r e  no t  c o l l e c t e d  but  r a t h e r  
must  e scape  from t h e  zone by t h e  same pa t h  t h r ou g h  which t h e y  e n t e r e d  
one now has
V( r )  =
6 9 0 v  ! ]
C l e a r l y  690v i s  not  «  t h a n  100.  In f a c t  t h e  i n s t a b i l i t y  a r i s e s  even
c l o s e r  t o  t h e  g r i d  t h a n  —~  -  cm =  .92imm s i n c e  t h e  p o t e n t i a l
690v 2
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i s  no l onge r  a l i n e a r  f u n c t i o n  of  r  but  a r a p i d l y  r i s i n g  f u n c t i o n  due 
t o  t he  i n c r e a s e d  ch a r g e  d e n s i t y  which r e s u l t s  from s lowi ng  t he  e l e c t r o n s .  
T h i s  c o mpu t a t i on  c l e a r l y  shows t h a t  t h e  p r e s e n c e  of  a n e u t r a l i z i n g  
space  ch a r g e  w i l l  be r e q u i r e d  in o r d e r  t o  a l l o w  t h e  l a r g e  c u r r e n t  a v a i l ­
a b l e  from t h e  c a t hode  t o  be e f f e c t i v e  in t h e  c e n t r a l  zone .
APPENDIX V 
PHOTOMULTIPLIER FALL TIME THEORY
In o r d e r  t o  u n d e r s t a n d  t h e  r e s o l u t i o n  t ime of  a p h o t o m u l t i p l i e r  
one needs  t o  d i s c o v e r  how r a p i d l y  t h e  o u t p u t  s i g n a l  w i l l  f a l l  f o r  an
i n s t a n t a n e o u s  cu t  o f f  of  t h e  ca t hode  c u r r e n t .  There  i s  an i n h e r e n t
de l ay  t i me  between t h e  t ime t h e  c a t hode  is  cut  o f f  and t h e  t i me  i t  
t a k e s  f o r  t h i s  i n f o r ma t i o n  t o  r e a c h  t h e  anode .  T h i s  i n h e r e n t  dynode 
t o  dynode t r a n s i t  t i me  w i l l  be d i s r e g a r d e d  s i n c e  i t  on l y  s h i f t s  t h e  
t i me  a x i s  f o r  t h e  e n t i r e  o u t p u t  s i g n a l .  The t h i n g  o f  i n t e r e s t  in t h i s  
work i s  t h e  I nh e r en t  t i me  d i s p e r s i o n  of  t h e  anode e l e c t r o n  b u r s t  because  
of  t h e  v a r y i n g  pa t h  l e n g t h s  and e l e c t r o n  speeds  a t  d i f f e r e n t  p o i n t s  in 
t h e  dynode s t r u c t u r e .
The a c t u a l  shape of  t h e  c u r r e n t  b u r s t s  have been d i s p l a y e d  on 
an o s c i l l o s c o p e  and the y  have a form s i m i l a r  t o  t h a t  shown in f i g u r e  24.
Here t  =  0 Is t h e  i n s t a n t  when t h e  
f i r s t  anode s i g n a l  i s  r e c e i v e d  from t h e  
c a t ho d e .  As t ime advances  t h e  c u r r e n t  
b u i l d s  up, c r e s t s  and u l t i m a t e l y  f a l l s
t o  z e r o  a g a i n .
For  h i gh  ca t hode  c u r r e n t s  t h e
anode c u r r e n t  i s  composed of  an o v e r l a y  





In o r d e r  t o  d e r i v e  an e x p r e s s i o n  f o r  t h e  shape  of  t h e  t o t a l  
anode c u r r e n t  f a l l  c u r ve  when a l a r g e  c a t hode  c u r r e n t  i s  sudden l y  
t u r n e d  o f f  one needs  t o  look a t  t h e  c o mp o s i t i o n  of  t h e  i n t e g r a t e d  
anode c u r r e n t  in t e rms  o f  t h e  o v e r l a y  o f  t h e s e  i n d i v i d u a l  b u r s t s .
A few s i m p l i f y i n g  a s s u mp t i on s  w i l l  be made in o r d e r  t o  a t t a i n
a c l e a r  mental  p i c t u r e  from which t o  work.
a)  Assume t h a t  t h e  b u r s t s  c r e a t e d  a t  t h e  anode by
a s i n g l e  c a t ho d e  e l e c t r o n  a r e  a l l  o f  t h e  same shape  
and s i z e ;  t h e s e  r i g i d  l i m i t a t i o n s  w i l l  be r e l a x e d  
l a t e r .
b) Assume t h a t  t h e  c a t hode  c u r r e n t  i s  so  l a r g e  t h a t  t h e  
anode c u r r e n t  i s  e s s e n t i a l l y  c o n s t a n t .  Th i s  means t h a t  
t h e  e x c u r s i o n s  from t h e  pure  d c a t  t h e  anode a r e  
e x t r e me l y  smal l  compared t o  t h e  s i g n a l  s t r e n g t h .  T h i s  
a s sumpt i on  i mp l i e s  t h a t  t h e  number o f  c a t ho d e  e l e c t r o n s  
e m i t t e d  w i t h i n  any smal l  bu t  f i n i t e  t i me  i n t e r v a l  w i l l
be t he  same as  t h e  number e m i t t e d  d u r i n g  any o t h e r
t i me  i n t e r v a l  of  t h e  same d u r a t i o n .
c)  The l a s t  as s umpt i on  t o  be made Is t h a t  t h e  ca t hode
c u r r e n t  can be c u t  o f f  I n s t a n t l y  p r o v i d i n g  a t r u e
s t e p  f u n c t i o n  o f  c a t hode  c u r r e n t .
To s t a r t  t h e  d i s c u s s i o n  one must  o bs e r ve  t h e  p o s i t i o n s  of  b u r s t  




Assumpt ion b) s t a t e s  t h a t  t h e r e  w i l l  be j u s t  as  many b u r s t s  
n e a r  t h e  A curve  as  t h e r e  a r e  n e a r  t h e  B c u r ve  o r  t h e  C c u r v e .  Bu r s t  
A has  n e a r l y  d i s s i p a t e d  i t s e l f ,  B i s  n e a r  i t s  peak and C i s  J u s t  
b e g i n n i n g .  Thus ,  even though t h e  number of  b u r s t s  o f  each phase  i s  
t h e  same t h e i r  c o n t r i b u t i o n s  t o  t h e  t o t a l  c u r r e n t  a r e  q u i t e  d i f f e r e n t .
In o r d e r  t o  produce a ma t hema t i c a l  f o r mu l a t i o n  one may 
i d e n t i f y  t h e  b u r s t s  by d i v i d i n g  t h e  t i me  a x i s  i n t o  t ime i n t e r v a l s  and 
c l a s s i f y i n g  t h e  b u r s t s  by t h e  t i me  i n t e r v a l  in which t h e y  beg i n  t o  
a ppe a r  a t  t h e  anode;  no o t h e r  i d e n t i f i c a t i o n  needs  t o  be made.
F i g u r e  26
‘ ‘AC,
As shown in f i g u r e 26, o n l y  t h o s e  b u r s t s  f a l l i n g  in t ime i n t e r v a l  
A t ^ , ^ t 2 ,  ̂ t % » ^ t t 7 c o n t r i b u t e  t o  t h e  c u r r e n t  a t  t g .  Al l  o t h e r s  mi ss  
t h e  mark by a r r i v i n g  t oo  e a r l y  o r  t oo  l a t e .  So t h e  c u r r e n t  i s  equal  
t o  t h e  a ve r a ge  c o n t r i b u t i o n  a t  t  =  o made by t h e  b u r s t s  i n i t i a t e d  
w i t h i n  a given t ime i n t e r v a l  m u l t i p l i e d  by t h e  number o f  b u r s t s  s t a r t e d  
in t h a t  t i me  i n t e r v a l  summed o ve r  a l l  c o n t r i b u t i n g  t ime i n t e r v a l s .
Thus l a  =  ^  H  +  ZSN + --------- 6 N  f ( h
In compact  n o t a t i o n ;  l a  "  ^
i » i
he r e  f ( t )  i s  t he  shape  f u n c t i o n ;  i i s  t h e  index of  t h e  summation and 
n) i s  t h e  number of  equal  t i me  i n t e r v a l s  used t o  d i v i d e  t h a t  p o r t i o n  
of  t h e  t i me  a x i s  having c u rv e s  which can be c o n t r i b u t i n g  t o  t h e  anode 
c u r r e n t  a t  t g  and l a  i s  t h e  anode c u r r e n t  ( no t  l i g h t  i n t e n s i t y ) . ÀN i s
m
t h e  number of  b u r s t s  be ing  i n i t i a t e d  w i t h i n  a t i me  i n t e r v a l A t  and 
s i n c e  each b u r s t  i s  i n i t i a t e d  by a c a t hode  e l e c t r o n  AN i s  t h e  c a t ho d e  
e l e c t r o n  c u r r e n t  m u l t i p l i e d  by t h e  t i me  i n t e r v a l  ( o r  t h e  e l e c t r i c  
c u r r e n t  where e i s  t h e  e l e c t r o n i c  c h a r g e } .  Thus
Going t o  t h e  I imi t  A t - * o  t h e  sum becomes
%»= i  f
6  •tso
One can now n o r ma l i z e  t h e  s t e p  f u n c t i o n  and i d e n t i f y  t h e  
n o r m a l i z a t i o n  c o n s t a n t .  Assume f ( t )  =  K F  ( t )  where F ( t )  i s  normal ­
ized t o  u n i t y  o ve r  the  p u l s e  w i d t h  and K i s  t h e  n o r m a l i z a t i o n  c o n s t a n t .  
R e - w r i t i n g  t h e  p r e v i o u s  e x p r e s s i o n  and s o l v i n g  f o r  K one has
hence K  =  M  ^  ,
X c
Here M i s  i d e n t i f i e d  as  t h e  m u l t i p l i c a t i o n  f a c t o r  o f  t h e  p h o t o m u l t i p l i e r .  
The anode c u r r e n t  t a k e s  on t h e  new form
p
Now c o n s i d e r  f i g u r e  27 shown below
Miwi rg  beta.,)# of CiJtçff at tc
or- t  = C 
F i g u r e  27
1 1 2
In f i g u r e  27 one o b s e r v es  t h a t  t h e  s i g n a l  i s  c u t  o f f  such  t h a t  
t h e  l a s t  b u r s t s  a r e  j u s t  i n i t i a t e d  a t  t , - .  Up t o  t h i s  p o i n t  t h e  anode 
s i g n a l  r emains  t h e  same as  d e r i v e d  above .  As t i me  advances  however t h e  
t o e  o f  t he  f i r s t  m i s s i n g  c u r v e s  (dashed  l i n e s  in drawing)  w i l l  make no 
c o n t r i b u t i o n ;  a t  t i me  ( 2 & t )  l a t e r ,  more of  t h i s  c u r ve  w i l l  be mi s s in g  
as  wel l  as  t h e  c o n t r i b u t i o n  from t h e  b u r s t s  which s hou l d  have s t a r t e d  
in t h i s  new i n t e r v a l .  Expr e s s ed  m a t h e m a t i c a l l y :  At t i m e ^ t  a f t e r  t c ,
w i l l  be m i s s i n g  from t h e  t o t a l  c u r r e n t  w h i l e  a t  2 A t ,  6N^(2At )  
w i l l  be m i s s i n g  as  wel l  as  t h e  c o n t r i  bu t  ion AN f ‘( ù t )  which j u s t  s t a r t e d  
in t h e  second i n t e r v a l  and so on.  At t ime t  seconds  a f t e r  t r  t h e  mi s s i n g  
components  w i l l  add up t o  ^ A N j ( i A t )  t h i s  i s  t h e  same e x p r e s s : o n  as  t h e  
anode c u r r e n t  e q u a t i o n  e xce p t  f o r  t h e  l i m i t s  on t h e  sum. I t  may be 
e x p r e s s e d  by t h e  f o l l o wi n g  i n t e g r a l
e ;
where t h e  upper  l i m i t  i s  now v a r i a b l e .
Thus t h e  anode c u r r e n t  e q u a t i o n  is  t h e  t o t a l  c u r r e n t  minus t h e  
components  which a r e  m i s s i n g .
-tb t
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•  0
S i n c e  t h e  lower l i m i t s  and t h e  i n t e g r a n d s  a r e  t h e  same t h e  two i n t e g r a l s
may be combined i n t o  a s i n g l e  i n t e g r a l ,
. ^b
I .  = j f ( t )  j t
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Thus fo r  a p h o t o m u l t i p l i e r  t h e  anode c u r r e n t  as  f u n c t i o n  of  
t i me  r e s u l t i n g  from a s t e p  f u n c t i o n  a t  t h e  ca t hode  i s  t h e  i n t e g r a l  
g iven  above .  Where F ( t )  i s  t h e  no r ma l i z e d  b u r s t  shape f u n c t i o n  and t  
i s  u nd e r s t o o d  t o  be z e r o  a t  t h e  i n s t a n t  t h a t  t h e  ca t hode  c u t o f f  s t e p  
f u n c t i o n  s t a r t s  t o  a l t e r  t h e  ou t pu t  c u r r e n t .
In o r d e r  t o  r e l a x  some of  t h e  r e s t r i c t i v e  a s s um p t i o n s ,  assume 
now t h a t  t h e  b u r s t  s hape  f u n c t i o n  i s  t h e  same but  t h e  a m p l i t u d es  of  
t h e  b u r s t s  v a r y  from b u r s t  t o  b u r s t .  The only  change in t h e  argument  
i s  t h a t  one must  a ve r a ge  t h e  c o e f f i c i e n t s  on t h e  no r ma l i ze d  shape  
f u n c t i o n .  S i n c e  t h e  a v e r ag e  v a l u e  of  M i s  t h e  r a t i o  o f  t h e  anode 
c u r r e n t  t o  t h e  ca t hode  c u r r e n t  a s  de t e r mi ne d  by m e t e r  r e a d i n g s  t h e  
i d e n t i c a l  formula  a p p l i e s  where M must  be t h o u g h t  o f  as  t h e  c u r r e n t  
r a t i o  r a t h e r  t h a n  a f a c t o r  t h a t  can be a s s o c i a t e d  w i t h  each b u r s t .
I f  two or  more d i s t i n c t  t y p e s  of  b u r s t s  s hou l d  o cc u r ,  one
c ou l d  f i n d  t h e  t ime dependent  c u r r e n t  c o n t r i b u t i o n  f o r  each t y p e  of
c ur ve  and add them t o  o b t a i n  t h e  t o t a l  c u r r e n t  a t  any t i m e .  Thi s  
removes much of  t h e  r e s t r i c t i o n  impl i ed  by as s umpt i on  a ) .
I f  t h e  c a t hode  c u r r e n t  i s  no t  l a rge  enough f o r  as sumpt i on  b)
t o  ho l d ,  t h e  shape  f u n c t i o n  w i l l  g i v e  t h e  approx i ma t e  r e s u l t  wi t h
s t a t i s t i c a l  " g r a s s "  o v e r l a y i n g  t h e  c u r v e .
Under  no c i r c u m s t a n c e  can c u r r e n t  a r r i v e  a t  t h e  anode a f t e r  
t h e  t i me  t y  has  e l a p s e d  f o l l o w i n g  t h e  c u t  o f f  c o n d i t i o n .  Thus an 
a b s o l u t e  o u t s i d e  l i m i t  on t h e  f a l l  t i me  i s  a lways  equal  t o  t p  under  
any c i r c u m s t a n c e .
The a n a l y s i s  was made f o r  c u r r e n t  f a l l  t i me  because  o f  i t s  
impor t ance  in t h i s  r e s e a r c h .  C l e a r l y  t h e  r i s e  t i me  a n a l y s i s  would be 
i d e n t i c a l  i f  one c o n s i d e r e d  t h e  d c c u r r e n t  t o  be z e r o  and i n s t e a d  of
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l o s s e s  one c o n s i d e r e d  g a i n s  from t  =  0 f o rward .
In t h i s  a n a l y s i s  a l i t t l e  r e f l e c t i o n  w i l l  show t h a t  t h e  r i s e  
f u n c t i o n  i s  s imply
T h e r e f o r e ,  t h e  r i s e  t i me  and f a l l  t ime w i l l  be equal  and t h e  only 
d i f f e r e n c e  in shape w i l l  be t he  s i g n  of  t h e  t i me  dependant  p a r t .
The f o l l ow i n g  i s  a t a b l e  o f  t h e  anode f a l l  f u n c t i o n s  f o r  
s e v e r a l  assumed anode e l e c t r o n  b u r s t  shape  f u n c t i o n s .
Bur s t  f u n c t i o n
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EXPERIMENTAL DETAILS AND DATA ANALYSIS 
P r e I i m i n a r y  t o  t a k i n g  d a t a
J u s t  p r i o r  t o  t a k i n g  t h e  d a t a  t h e  f o l l owi ng  p r e c a u t i o n s  were
t a k e n :
1.  The n i g h t  b e f o r e  t h e  d a t a  run t h e  sweep speed and l i n e a r ­
i t y  of  t h e  o s c i l l i o s c o p e  were checked a g a i n s t  a f r equency  s t a n d a r d  
and t h e y  proved t o  be a s  a c c u r a t e  as  coul d  be de t e r mi ne d  from t h e  
pho t ograph  of  a s i n e  wave.
2 .  J u s t  p r i o r  t o  t a k i n g  d a t a  t h e  equipment  had run f o r  e l even  
(11) hour s  under  no p u l s i n g  c o n d i t i o n s  wi t h  t h e  ca t hode  ho t  wh i l e  
s e a l e d  o f f  from t h e  vacuum pump. The t o t a l  p r e s s u r e  r i s e  was 2 . 5 x 10" *  
mm of  Hg. Th i s  is a p p r o x i m a t e l y  6x10"* mm of  Hg r i s e  in 15 mi nu t e s .
3 .  Al l  e l e c t r o n i c  t i mi n g  sequence  c i r c u i t s  had f u n c t i o n e d  
f o r  q u i t e  some t ime p r e v i o u s  t o  t h e  day of  t h e  exper i ment  and seemed 
t o  be f u n c t i o n i n g  mormal l y .  They were given a 3 hour  warm up pe r i od  
in o r d e r  t o  be c e r t a i n  o f  t h e i r  s t a b i l i t y .
4 .  Many p r e v i o u s  t r i a l  r uns  had been c a r r i e d  out  p r i o r  t o  
t h e  day t h e  d a t a  was t a k e n  t o  f i n d  t h e  c o n d i t i o n s  t h a t  gave t h e  most 
s t a b l e  and c o n s i s t a n t  r e s u l t s .  The v a r i a b l e s  be i ng  t h e  p h o t o m u l t i p l i e r  
v o l t a g e ,  t h e  b i a s  v o l t a g e ,  c a t hode  t e m p e r a t u r e  and gas p r e s s u r e .  These  
checks  had been c a r r i e d  on f o r  a p e r i o d  of  s e v e r a l  weeks w i t h  two
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e x c i t a t i o n  t u b e s .  They both  seemed t o  f u n c t i o n  in a s i m i l a r  manner ,  
a l t h o u g h  t h e  second t u b e  had no c e n t r a l  e l e c t r o d e .  I t  s hou l d  be 
s t a t e d  t h a t  t h e  b i a s  s t e p  v o l t a g e  seemed a l i t t l e  more c r i t i c a l  on 
t h e  new t u b e .  The new t u b e  seemed t o  hea t  up t o  a h i g h e r  t e mp e r ­
a t u r e  f o r  a g iven  i n du c t i o n  h e a t e r  v o l t a g e  and produced more d a r ke n i n g  
o f  i t s  window tha n  had been t h e  c a s e  wi th  t h e  p r e v i o u s  t u b e .  I t  a l s o  
l acked t h e  o u t g a s s i n g  which t h e  former  t ub e  had had over  long p e r i o d s  
of  t i m e .  The new t u b e  had been o u t g a s s e d  c o n t i n u o u s l y  f o r  5 days  wi t h  
t h e  c a t hode  a t  h i g h e r  t h a n  o p e r a t i n g  t e m p e r a t u r e  and i t  was t h i s  
o p e r a t i o n  which c o n t r i b u t e d  t o  t h e  d a r ke n i n g  of  t h e  window.
5 .  A g r e a t  dea l  o f  t i me  had been s p e n t  on t r y i n g  t o  remove
t h e  l i n g e r i n g  s i g n a l  on t h e  t a i l  o f  t h e  l i g h t  r e l a x a t i o n  c u r v e .  Th i s
inc l ude d  l i q u i d  n i t r o g e n  c o o l i n g  of  t h e  p h o t o m u l t i p l i e r  w i t h i n  a
vacuum chamber .  At f i r s t  t h e  l i n g e r i n g  s i g n a l  appea r ed  t o  be c r e a t e d
w i t h i n  t h e  p h o t o m u l t i p l i e r .  I t  was s t r o n g e r  when t h e  e x c i t a t i o n  t ube
and p h o t o m u l t i p l i e r  were he l d  on f o r  l onge r  p e r i o d s  of  t i m e .  A f t e r
a d j u s t i n g  t h e  b i a s  s t e p  de l ay  so t h a t  t h e  b i a s  s i g n a l  was a p p l i e d
b e f o r e  t h e  p h o t o m u l t i p l i e r  could  be e n e r g i z e d  t h e  l i n g e r i n g  s i g n a l
c o n t i n u e d  t o  p e r s i s t  but  a t  a much lower l e v e l .  I t  was t h e n  dec i ded
t h a t  a t  l e a s t  some o f  t h e  t a i l  s i g n a l  i s  t r u e  l i g h t  s i g n a l  but  whe the r
o r  not  t h e r e  i s  a long de l ayed  p r o c e s s  w i t h i n  t h e  m u l t i p l i e r  c ou l d  not
be de t e r mi ne d  c o n c l u s i v e l y  wi t h  t h e  p r e s e n t  ex p e r i me n t a l  a r r angement
but  t h e r e  was f a i r l y  s u b s t a n t i a l  e v i d e n c e  t h a t  t h e r e  is  p h o t o m u l t i p l i e r  
s i g n a l  t o o .  The b e s t  check on t h i s  would be t o  ho ld  t h e  b i a s  s t e p  
and ca t hode  e x c i t a t i o n  s t e p  c o n s t a n t  in t ime and v a r y  t h e  t r i g g e r  t ime 
on p h o t o m u l t i p l i e r .  I f  t h e  s i g n a l  t a i l  r emains  unchanged independan t
of  t h e  t i me  t h e  p h o t o m u l t i p l i e r  i s  s u b j e c t e d  t o  t h e  i n t e n s e  l i g h t  t hen
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i t  would c l e a r l y  i n d i c a t e  t h e  t a i l  i s  produced from e x t e r n a l  photons  
and i s  not  a p ro p e r t y  of  t h e  p h o t o m u l t i p l i e r .  U n f o r t u n a t e l y  t h i s  v a r i ­
a t i o n  in p h o t o m u l t i p l i e r  de l ay  had not  been b u i l t  i n t o  t h e  p r e s e n t
e l e c t r o n i c s  and only t h e  b i a s  s t e p  f u n c t i o n  was made v a r i a b l e  e x t e r n a l l y ,
Method of  Tak i ng  Data
A f t e r  t he  warm-up p e r i o d  t h e  o p t i c a l  f i l t e r s  were l a i d  out  
in o r de r  of  descend i ng  wave l e n g t h s  on a mat n e a r  t h e  a p p a r a t u s .  On 
t h e  a c t u a l  d a t a  run t h e  sequence  of  o p e r a t i o n  was a s  f o l l o w s ;
a)  Hel ium was i n t r o d u c e d  ( wi t h  f i r s t  o p t i c a l  f i l t e r  in 
p l a c e  and e l e c t r o n i c s  p u l s i n g  a t  1 s ec  i n t e r v a l s )
b) p r e s s u r e  was a d j u s t e d
c) b i a s  v o l t a g e  and p h o t o m u l t i p l i e r  v o l t a g e  r e a d i n g s
taken
d) decay c u r ve s  were pho tographed  wi t h  an o v e r l a y  of  3 t o  5 
t r a c e s .
e) an opaque c a r d  was s l i p p e d  between f i l t e r  and pho t o ­
m u l t i p l i e r  f o r  dark  c u r r e n t  r e f e r e n c e  s i g n a l .
f )  w i t h  ca r d  in p l a c e  t h e  f i l t e r  was r e p l a c e d  w i t h  t h e  
nex t  one in t h e  s eq ue n c e .
The sequence  from d) t o  f )  was r e p e a t e d  u n t i l  a l l  f i l t e r s  were 
used a t  t h e  same p r e s s u r e .  A s po t  check on v o l t a g e  and p r e s s u r e  was 
made a t  random du r i ng  a s i n g l e  p r e s s u r e  r un .
g) when t h e  pho t ograph  had been comple t ed  f o r  t h e  l a s t  f i l t e r  
in t h e  s equence  t h e  p r e s s u r e  and v o l t a g e  were a l l  r ead  and 
t h e  gas pumped o u t .
When t h e  e n t i r e  sequence  was run f o r  a new p r e s s u r e  t h e  o r d e r  
in which t h e  f i l t e r s  were used was r e v e r s e d .  T h i s  i mp l i e s  t h a t  i f  
t h e r e  were c o n t a m i n a t i o n  problems in t h e  10 t o  15 mi nu t e s  i t  t ook  t o
• e
compl e t e  a r un ,  t h e  5676A and th e  38B9A l i n e s  s h o u l d  show a l t e r n a t i n g
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e f f e c t s  from one p r e s s u r e  t o  t he  n e x t .
The e n t i r e  d a t a  run i n c l u d i n g  a long vacuum pumping p e r i o d  t ook  
a p p ro x i m a t e l y  two h ou r s .
The r e  a r e  only  two o t h e r  comments of  i n t e r e s t .  The r e  was one 
t ime d u r i n g  t h e  run when no s i g n a l  was seen  a l t h o ug h  t h e  e x t e r n a l  
e l e c t r o n i c s  appea red  t o  f u n c t i o n  p r o p e r l y .  The f a u l t  i s  b e l i e v e d  t o  
be due t o  t h e  ca t hode  lead r i bbon  t o u c h i n g  ground i n s i d e  t h e  e x c i t a t i o n  
t u b e .  T h i s  had happened p r e v i o u s l y  and t h e  ca t hode  ground had been 
burned out  by s u p p l y i n g  a h igh c u r r e n t  f rom a v a r i a c  t h r ou g h  t h e  r i bbon  
w h i l e  t h e  ca t hode  was c o l d .  Dur ing t h e  d a t a  run t h i s  f a u l t  c o r r e c t e d  
i t s e l f  w i t h i n  a mi nu te  each t ime i t  a p pea r ed  d u r i n g  t h e  d a t a  run so no 
s p e c i a l  a d j u s t me n t s  were a t t e m p t e d .  The f a u l t  was a b s e r v e d  t h r e e  t i me s  
but  on ly  p e r s i s t e d  f o r  a few seconds  on two o f  t h e  t h r e e  a p p e a r a n c e s .
The curve  shape  appea red  t o  be i d e n t i c a l  b e f o r e  and a f t e r  each of  t h e s e  
i n t e r r u p t i  ons .
The second o b s e r v a t i o n  was t h e  f a c t  t h a t  t h e  .038  mm Hg p r e s s u r e  
r e a d i n g  seemed t o  r i s e  d u r i n g  t h a t  p r e s s u r e  run t o  . 04  mm Hg s i n c e  t h e  
p r e s s u r e  r e a d i n g  t a k e n  between t h e s e  and r e a d i n g s  had a v a l u e  between 
t h e s e  v a l u e s  i t  was b e l i e v e d  t o  be a t r u e  p r e s s u r e  r i s e  r a t h e r  t han  
e x pe r i men t a l  e r r o r .  T h i s  r i s e  i s  b e l i e v e d  t o  r e s u l t  from t h e  f a c t  t h a t  
in r e f i l l i n g  t h e  s y s t em one always f i l l s  t h e  sys t em t o  about  100 t i mes  
t h e  p r e s s u r e  r e q u i r e d  in t h i s  r u n .  T h i s  r e s u l t s  from t h e  c o n s t a n t  volume 
dos ing  scheme f o r  t h e  he l i um.  When t h e  p r e s s u r e  i s  h igh  t h e  r ed  hot  
ca t hode  a bs o r bs  he l ium which i s  a g a i n  d i f f u s e d  out  i n t o  t h e  lower p r e s ­
s u r e  zone a f t e r  t he  p r e s s u r e  has been pumped down. T h i s  e f f e c t  had 
been observed  be f o r e  and i t  i s  b e l i e v e d  t h a t  i t  does not  p r o v i d e  
con t ami na n t s  in t h e  g a s .
